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PREEACE 


This book has grown out of a short series of lectures which 
were given in August, 1926, at the St. Andrews Congress of the 
Kdinburgh Mathematical Society. It was the aim of those lec- 
tures to present in outline the salient features of the Invariant 
Theory, from its origins in the early forties of last century to 
the present day. But in the course of filling in the sketch, it was 
borne in upon me, more and more clearly, as the argument pro- 
ceeded, that the subject takes its rise far earlier. 

For this reason I have followed the method of Salmon in 
opening with an account of determinants. This also made it 
desirable to introdice the rudiments of another great depart- 
ment of algebra—the theory of matrices. These will chiefly be 
found in the first seven chapters, which have been written 
mainly with a view to their applications in what follows. It is 
no exaggeration to say that the well-known theorem, given by 
Laplace, for the development of a determinant, plays an essential 
part in all the main theorems of the symbolic invariant. theory, 
as here adopted, with the one striking exception of the Basis 
theorem of Hilbert. 

I am glad to acknowledge the great debt which mathema- 
ticians owe to Sir Thomas Muir for his charming History of 
Determinants which is at once a monument and an inspiration. 
If the present book encourages the reader to turn to the History 
and explore its farther fields, one of my objects will be attained. 
Here the subject is confined to what is called determinants in 
general and compound determinants. Perhaps the reader will 
also be tempted to dip into the buoyant papers of Sylvester 
(Collected Works) and the systematic treatise by Cullis (Matrices 
and Determinoids), who so generously displays the significance 
of the earlier writings by Sylvester. 
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As to the invariant theory itself, an attractive approach to 
binary and ternary forms has for many years been accessible 
through the admirable treatises by Elliott (The Algebra of 
Quantics, Oxford, second edition, 1908) and by Grace and Young 
(The Algebra of Invariants, Cambridge, 1902), the former de- 
veloping the direct, and the latter the symbolic methods. But 
during the present century considerable advances have been 
made in studying quaternary and higher forms (involving four 
or more homogeneous variables), both in the algebra itself and 
in its application to physics through the concept of Relativity. 
Accordingly, while I have incorporated just enough of the bmary 
theory to give a short connected exposition of its develop- 
ments, my chief concern has been with the general forms. 

Whatever completeness may attach to the present argument 
is finally due to the memoirs and recent books by Weitzenbock + 
and Study.? To the former belongs the credit of extending the 
work of Clebsch and Gordan from the binary to the general 
case. But perhaps the most remarkable service which he has 
hitherto rendered is to give a complete account of the basis 
of analytical projective geometry in relation to all the usual 
metrical forms, Euclidean and others. An exposition of these 
results is given in Chapter XXI. 


In such a far-flung theory, with all its great ramifications into 
pure algebra, the theory of groups, projective and differential 
geometry, somewhere or other the line must be drawn: and this 
has been done as follows. First, beyond a bare introduction to 
each (Chapters XX and XXI), the two chief applications, to 
algebraic and differential geometry, have been omitted. How- 
ever logically appropriate fuller treatment would have been, 
it was felt that justice could not be done to what is an extra- 
ordinarily attractive and penetrating type of analytical geometry 
in three-fold and higher space, at the end of a long algebraic 
theory. But the reader can find a full account of the plane 
geometry in the later chapters by Grace and Young. 

Secondly, there is no mention of the interesting algebra of 
alternate numbers for which a x b= —b xa. These have a 


1 Invariantenthecrie (Groningen, 1923). 
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long historical record in the work of Grassmann, Whitehead, 
Scott and Matthews, and others. The omission calls for some 
explanation, because in the deft hands of Dr. Weitzenbéck, a 
key to the general invariant theory is provided by complex 
symbols, which are a type of alternate numbers. But it was 
found that by enlisting the full implications of Sylvester’s 
Theorem (1851) (p. 48), the ordinary symbols provide quite a 
natural medium for the whole general theory, from beginning 
to end. 

There is also no attempt to grapple with all the details in the 
theory of canonical forms and invariant factors; but the neces- 
sary suggestions for further reading have been made at suitable 
stages. Neither has room been found for the discussion of special 
complete systems; nor for the extensive theory of modular 
invariants which have lately received great attention in America. 


Here and there, illustrative examples have been included, 
often as straightforward applications but occasionally as more 
advanced problems and suggestions for further inquiry and re- 
search. Among examples of determinants and matrices are 
several for which I am indebted to Professor EH. T. Whittaker 
and Dr. A. C. Aitken. 

My best thanks are due to my colleague, Dr. W. Saddler, for 
his ripe judgment and criticism in reading the work, and for 
offering many valuable suggestions; and to Dr. J. Williamson for 
reading the proof-sheets and giving further helpful advice; and 
also to Dr. J. Dougall for his expert and very efficient help in 
removing both mathematical and typographical blemishes. 


H. W. TURNBULL. 
St. Andrews, June 1928 
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CHAPTER I 


MatTRICES AND DETERMINANTS 


1. Notation. 


The fundamental importance of determinants as working tools 
in mathematics has come to be so widely recognized that it may 
be assumed that the reader has some practical knowledge of them 
and in particular that he has realized their value in providing a 
simple general rule for the solution of linear equations. Certain 
introductory results may therefore be given without undue em- 
' phasis on intermediate steps, which can easily be supplied. 
Our first object is to learn a notation and a few important 
definitions. 

Suppose there are two homogeneous linear equations in three 
variables x, y, Z, 

a,x2-+- by + ¢,2=0, ) 


| (1) 
dot + boy + z= 0. } 
Then in general they have a solution 
x Z 
=a = . (2) 


These denominators, which are called determinants of the second 
order, can be written shortly in various ways, all of which have 
great value: 


(i) [Oc], [eas], abel, 
(11) (be), , (ca)s0 (ab); 5 (3) 
(iit) (be) (ca) , (ab) | 


(D 884) 2 
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The last of these ways makes use of the obvious fact that if two 
letters be are written down side by side, one is first and the other 
is second, read from left to weet We agree to drop the suffixes 
in (iii), whenever they are 1, 2, for exactly the reason that we 
drop the index 1 in writing a” when p= 1. In fact we define 
(bc) ;; to mean b,c, — b;¢; and merely suppress the suffixes 7 in the 
case when 1 ='l, 9 = 2. 

A fourth and more familiar notation for the determinant 
by Cy — bye, is the well-known square array, introduced by Cayley ! 
in 1841 long after determinants (and much that will concern us 
in this chapter) were first invented. It is 


b; G; 


4 
ae (4) 


which has the advantage of showing such coefficients of the original 
equations, as appear in the first determinant, exactly in their same 
relative positions. 

This leads to still more ways, all useful, of writing down the 
solution of equations (1):— 


(i) iyiz= by cy CG | ay by 

bs Go|, shCy Oy [ana Ole 
(il) wis 2 (be) lea) (ab) 2) 
(iii) x, y, zoc |} uu 

Gs 0565 


In each of these cases three equations have been grouped into one 
statement. Only in (ili) we note that an essentially new idea is 
present: the double vertical lines,” before and after the rectangular 
array, signify that determinants are to be chosen therefrom by 
suppressing in turn the first, second, and third column of letters, 
and at the same time retaining the orders b, ¢; c, a; a, b of the 
columns. 


2. Definition of Matrix. 


There is obvious importance in adopting a methodical arrange- 
ment of equations and all such polynomial expressions, involving 


1 In 1841, Collected Works, 1, 1. 


*This notation has sometimes also been used to denote the matrix of the 
array. 
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several variables x, y, z. Also, because of the convenient fact that 
many of the properties of a square or oblong formation can be 
illustrated by arranging four or six things two by two in a squate, 

or two by three in an oblong, we can continue to extract useful 
general notions from our equations (1). The set of coefficients 


of (1), arranged in their relative positions, is an example of a 
matrix of orders two and three. A matrix of orders m and n simply — 
means a set of mn numbers arranged in rectangular array with m 
rows and n columns. 

At first sight such a definition strikes one as awkward and 
vague, for the question naturally arises in the mind, what shall 
we do to these numbers, shall we add or subtract them or form 
them into determinants? Nevertheless it is exceedingly useful 
to train ourselves to think of an array of numbers as a single 
thing with properties of its own, and to hold ourselves in readiness 
to operate on the terms or elements of the array in any convenient 
way that suggests itself, as m fact we have done in the preceding 
results (2), (3), (5). We are indeed all familiar with this idea, for 
ordinary Cartesian co-ordinates 


(a4, 2| 


of a point in space provide a simple instance. Here the matrix 
is of orders one and three. This involves more than merely three 
numbers z, y, 2; it is three numbers together with a specific 
relation between them; namely, that they are ordinally arranged. 
In general when z, y, z differ, the geometrical interpretation of 
the different arrangements 


[2, Y; Z|, [%, z, y], Ly, x, Z|, Ly, %, x], [z, v, Y\; [z, Y, x] 


is six different points: and this is hint enough that regarded as 
algebraic elements (molecules, if we like), we may with advantage 
study the behaviour of matrices, always treating them as single 
integral things, and not as elaborate clusters of component parts. 
Just as Cayley first provided us with the well-known square 
notation for determinants (Cf. (4) ) so also we have to thank him 
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for first} enunciating this principle. He, however, confined the 
definition of a matrix to a square formation only. 

Let us agree to use brackets[ ] for enclosing the constituents = 
of a matrix, and incidentally for expressing co-ordinates of a 
point, in plane or space, so that we can now proceed to discuss 
the matrix M of the coefficients of linear equations (1), and write it 


i) | by, i 
Ay, bg, Cy 


We can also with advantage notice that there is a matrix X of 
the homogeneous variables «, y, z in the equations, namely 


SA PI yl P 


It is a simple but far-reaching fact that for a given system of 
equations, arranged by columns and rows as in (1), there are these 
two matrices M and X. One cannot exist without the other. 

It was said that i general equations (1) have a solution. By 
this is meant all cases in which the two equations are effectively 
distinct, a state of things that only breaks down if 


Opi OC ah SO ne 


When this happens the coefficients of one equation are propor- 

tional to those of the other, and the two equations furnish no 

more information about z, y, z than either of them alone would do. 

It is then impossible to derive solutions (2) from (1), still less 

the results (5). If we define the phrase determinants of the matrix 

M to mean all the determinants (bc), (ca), (ab), we may state that 

the equations (1) are soluble unless all the determinants of the ape 
coefficient matrix M are zero. 

Suppose two of the determinants (bc), (ca) vanish. Then, 
eliminating c,, ¢, it follows that (ab) also vanishes. Hence a suf- 
ficient condition, for the insolubility of equations (1) in the form 
(2), is that two of the three determinants of M vanish. 

If, however, only one determinant vanishes, (bc) say, then 
z= 0, y: z= (ca): (ab). And we may define equations (2) to 
have this meaning, although standing alone the ratio z: (bc) 
would now be meaningless and could not be employed. 

Just as there is geometrical significance in [0, 0, 0] which 


1 Phil. Trans. (1858); Collected Works, 2, 475. 


dL] f MATRICES 5 


denotes the set of co-ordinates of the origin, so we may presume 


that the null matrix 
je ie 0, A 
0, 0, 0 


has algebraic significance, although in relation to equations (1) 
it appears to indicate their non-existence. 

We may sum up this little investigation by attaching a special 
term_rank_to-a—matrix, Thesank of 


i b,, a 
ty, by, Cy 
as two, unless all the determinants b,c, — b,4, Cy dy — Cy, 


a,b, — dgb, vanish, in which case it is one, unless again all six 
elements @,, 01, ¢, %,, bg, Cg vanish, in which case it is zero. 


EXAMPLES 


1.Tf aaw+by+ez=0, axt by+cz=0 are the Cartesian 
equations of two distinct planes, prove the rank of the coefficient matrix 
is two. If the rank is one, what is known about the planes? 


2. If these equations refer to lines in a plane, in areal (or other homo- 
geneous) co-ordinates, what is the significance of the rank of their matrix? 


8. A two-by-three matrix has rank unity. Show that if its rows denote 
areal co-ordinates of a point, each row denotes the same point. 
What other two-by-three matrix has.rank unity? 
Ans. A matrix in which one row is three zeros. 


4. A three-by-two matrix has three rows and two columns. If each 
row is interpreted as Cartesian co-ordinates of a point in a plane, show 
that its three determinants all vanish if the three points are in line with 
the origin. 


3. The Transposed Matrix. 


If we interchange columns and rows without disturbing the — 
order of either, reading columns downwards and rows from left 
to right, we obtain the transposed + matrix. Let us use an accent 
to denote the transposed matrix. Thus the transposed of M is 


GM, Ay 
, 


Cy, Cy 


4 1 Sometimes called conjugate matrix. 
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If we transpose M’ we obtain M, so that here we have an example 
of a conjugate or symmetrical relation between two things. So 
also the transposed of X = [a, y, 2] 1s 


x 
ie, 
z 


and vice versa. The determinants of the matrix WM’ are (bc), (ca), 
(ab) which are the same as those of M. More precisely the relation 


by bs 


C1 Cy 


os b,c 


Os es 


shows the identity of corresponding transposed determinants. 
But we should naturally think of the determinants of M as forming 
a row (i.e. a matrix) of three elements, of the same pattern as X, 


[ (bc), (ca), (a6) J 


while those of M’ form a column of three. 

Owing to the practice of writing from left to right, rather than, 
as the Chinese do, from top to bottom, we have never accustomed 
ourselves to thinking of co-ordinates of a point written downwards 
asin X’. It will later appear that this novel way sometimes has 
very great advantages. But occasionally, in order to save space, 


a column matrix will be written horizontally and enclosed in 


brackets { }. Thus 


ee {ae Yy, 2}. 
4. System of Linear Equations. 


Before dealing with the general case involving n variables, 
let.us consider a set, or system, of three linear equations homo- 
geneous in four variables 


ac2+by+eoz2+dt=0, 
boy + c2-+ d.t= 0, 
Edst= 0) sf cae (iD) 


ae 
b | 
As & 9 Y a+ C32 


Multiplying these respectively by (bc)y3, (b¢3;), (bey9) and adding 
we find that all terms involving y or z disappear, and that the 
result may be written 


(abe) x =|" (abet 0.0, ee 
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where (abc) is a convenient symbol for the coefficient of x in the 
result, and (dbc) for that of ¢t. Thus 


(abc) = ay (bc) 93 + ag (bc), + a3 (BC) 15 
= Ay by C3 — Ay bg Cy + Ag.b3.0, — Ay d, C5 + A301 Cy— dzbyC. (8) 
Likewise 
(dbc) = dy bye, — dyb3 cy + dyb3¢, — dyb,c, + db, cg — dbo cy. 
Manifestly the series for (abc) may also be written 
A 0g €3 — 4 Cb5 + 5, Cy.a3 — 0, a963 + 6,436, -— 0,45, (9) 


and further, it is clear, on expansion, that the following equalities 
are true 


(abc) = (bea) = (cab) = — (ach) = — (bac) = — (cba). (19) 


Before Cayley introduced the notation 


CA ie eo 
GEOG Ca Nl. vey eet, Sem wee HLS) 
dz Ds Cs 


for this series (8), which is a determinant of the third order, it was 


frequently written 
2) == GqOn ls, sig Roe yt ie, Moh oie (12) 


the summation indicating either that a, b, ¢ are to be deranged in 
all six possible ways, as in (9), without deranging the suffix order 
1, 2, 3, or vice versa, as in series (8), the suffixes are deranged but 
the letters are not. The + sign here indicates that some terms 
have a positive sign and some a negative, the choice depending 
on a rule to be presently explained. 

If we also solve for y or z, as in (7), we obtain in general 


L —Y Zz = (13) 
(bed) (acd) (abd) (abey 


as should be carefully verified. The negative signs occurring 
with the alternate variables y, ¢ are inserted to maintain 
the alphabetical order in the denominators. For these deter- 
minants are obtained in the Cayley notation by suppressing 
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in turn each one of the columns of the coefficient matrix 


a bh Gy dy 
Gn Use Comme eee eee) 


Some writers define these as the determinants of this matrix: 
it is preferable, however, to attach a sign + or — according as 
an odd or even column is suppressed. Thus x, y, z, t are respectively 
proportional to the determinants A, B, C, D of the coefficient matria, 
namely 


A= (bed), B= -— (acd), C= (abd), D=,— (abc). (15) 


5. Linear Combinations of Rows or Columns. Number Field. 
Rank. 


It is convenient to have a precise notation applicable to 
matrices, determinants, and systems of equations. A few examples 
suffice to explain it. Consider the array 


a b Cc 
Z y Z 
a+a b+y e+2. 24a eee LO) 


Here we obtain the third row by adding the elements of the 
two other rows columnwise. This is denoted by 


TOW; = row, -++ rowp. e - ei eomceraR RG) 
Again consider the array of four columns, 
a b c atbte 
x YBa DY a eee ee) 
Here is an example of adding row-wise. We denote it by 
col, + col, + col, = col). out he nem GLO) 
Next the two arrays 


dab Pic a ga 
pa pb pe b ab 
€ Ge 
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exhibit what is meant by multiplying a row or column by a given 
number. We write these 


TOW, = prow, col, == ¢ col, 
respectively. 
In general, by 
PLOW, 7 GOW, 4 rows =... + (20) 


is meant: form a new row by multiplying the first by p, the second 
by q, the third by rx, and adding. Similar remarks apply to 
columns, but only the former process applies immediately to 
equations, as for instance in reaching result (17) of the last 
section from (16). 

We shall assume that all the symbols a, b, c, x, p..., hitherto 
used, stand for real or complex numbers. It follows that the 
process (20) implicitly includes subtraction as well as addition 
of rows, since one or other of p, g, 7 may be real and negative. 

At this stage it is useful to have a clear conception of what is 
meant by a field of numbers. This can be defined as follows, 


Definition of Number Field.—A class of two or more complex 
numbers forms a field if whatever two equal or unequal members 
p and q are chosen then p+ q, p—q, p X q, p+ q are them- 
selves members of the field, excepting the case q = 0 in the quotient 

It follows that integers do not form a field, because for instance 
2 — 3 is excluded: but rational numbers form a field. So also 
do real numbers. So also do numbers of the type a+ ba/5 where 
a and b are rational. So also do complex numbers. It also follows 
that zero is a member of every possible field, by taking p and q¢ 

\ equal in p — ¢. 

Suppose we now prescribe a definite field # for the numbers 
p; q 7 of (20). By this procedure we are said.to form a linear 
combination of the rows or columns in question. 

Obviously if p, g, 7 are all zero we should form a row of zeros 
from 

p TOW, + g¢ row, + Fr rows. 


But, excluding this case, suppose we still get a row of zeros, 1.e. 
a null row, when not all p,q, 7 vanish; then we term the several 
rows so combined linearly related or linearly dependent in the 
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field F. The same definition applies to columns. And if we 
cannot get a null row unless all p, g, 7 vanish, the several rows so 
combined are linearly independent in the field F. Likewise for 
any number of rows, and columns. 

This distinction between linear dependence and independence 
is of the utmost importance, and should be carefully thought out 
with these simple cases, in order to pave the way for its more 
elaborate use at later stages. 

We can now utilize this discussion of linearity to define the 
rank of a matrix in general. The rank of a square matrix is 
the greatest number of its rows or columns which can be found to 
be linearly independent. That of a rectangular matrix with fewer 
rows than columns is the greatest number of its rows which are 
linearly independent. If there are more rows than columns, the 
same test applies to its columns. 

So for the m X n matrix the rank may be any whole number 
0,1, 2,..., 7 not exceeding either m or n. It will be shown in 
Chapter V that this definition amounts to the same thing as that 
already adopted in §2. 


6. Linear Equations which are not Homogeneous. 


The solutions of the homogeneous equations in either three or 
four variables already treated give the ratios but not the exact 


values of the variables x, y,z,.... In general n such equations 
for n + 1 unknowns @, y, z,... , ¢ determine the ratios 
DME Bin 3-6 Bll 


in terms of the coefficients. It follows that if one of these, the 
last, t, for example, is given in value, the rest can be determined. 
It is useful to take t = — 1, for when this is done we can at 
once write down solutions as follows. The bonary case has two 
equations for two unknowns 2, y: the ternary case has three for 
three unknowns. 


(1) The Binary Case. 
Tf c+ bhy=c | 


Apt + boy = Cy 


(ab) + 0, 


peal Ys reel (cb) (ac) 
(cb) (ac) (ab) eg (ab) 


then 
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(2) The Ternary Case. 
If act bytoz=d, 


d,%+ boy + ez= dy (abc) 4: 0, 
a,¢2+ bsy + ¢32 = ds | 
then ten Bg a a 
(dbc) (ade) (abd) (abc) 
so that ea eee): — ie) Be oe) : 
(abc) (abc) (abc) 


It is worth while noticing the simple manner in which these last 
fractions, giving x, y, z, are formed. Each denominator is the 
determinant formed from the left-hand side coefficient matrix 
of the given system of equations. This matrix is now a square 
array. The numerator of x is obtained from the same determinant 
by suppressing the first column and substituting the column of 
d’s in its stead. By substituting in the second and third columns 
of (abc) similarly, we obtain the respective numerators of y and 
z. This device overcomes the difficulty (cf. (14) ) of affixing the 
sign. It has the advantage of perfect generality, for it applies 
equally well to n equations involving determinants of the nth 
order. This rule was first given by Cramer in 1750. 


7. Condition of Solubility. 


These equations are soluble, as we see, unless in the binary 
case (ab) = 0, and in the ternary case (abc) = 0. A similar test 
holds for more variables. Thus the equations in the ternary case 
are soluble if the rank of the square matrix 


a ob 
Ag by Cy 
dz ob; Cs 


is three. It is interesting to examine the cases of failure, when 
the rank is less than three; but as our chief concern is with the 
soluble case we leave this aside. 
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EXAMPLES 


1. Write down the determinants of the following arrays: 
0,9 3 eae abed 
By 2 ae iE = al [5 a, 2]. w Be. i’]. 
et: a Dabs 10 2 eee eT a 
2. What is the rank of the following matrices? 
I 48 12 3 iLO Eat 
E 5 6], 0 0 0]. 0 1 0], EB —1 0}. 
Fadi ai) 1 3 0 Or Ome O- 2 OP a6 
AnstG 283 aa: 


8. Solve, for w:y:z:t, the homogeneous equations: 
aty+tz+t=0, 


ax + by + cz + dt = 0, 
ate + by + c8z + dt = 0. 


What is the rank of their matrix? 


Ans. 3 if at least three of a, b, c, d are different; 
1 if they are all equal; otherwise 2. 
4. The complex number 2 + 3% consists of two linearly independent 
parts 2, 37 in the field of real numbers, but not in the complex field. 
The same is true of every non-zero complex number. 


5. The rational numbers ? together with all numbers such as 
rv/5 

_ a \° form a field (where p, q, r are integers, and gq + 0). 
If five points are the vertices of a regular pentagon, prove that the 
ratios of all segments of all lines joining these in pairs belong to the field. 


4 CHAPTER II 


FUNDAMENTAL PROPERTIES OF THE DETERMINANT 


1. Derangements. . 


In order to consider determinants more generally, and to make 
the exposition clear, we must now recall several fundamental facts 
of algebra. First the number of arrangements or permutations 1 
of n different things placed in a row or column 7 at a time is 


! 
Peet) pee) ey re yee ay 
(n— 1)! 
where n!= 1x 2x 3X... x n, which gives the number when 
all are arranged each time. Secondly, the number of combinations, , 
or groups, of 7 things chosen from » different things is 


n n! n : 
nen = (") Flinn! oe) oe 


Thus a group of » things can be divided into subgroups, con- 
taining respectively r and » — ¢ things, in ,,C,, ways, for this is 
only another way of describing the same process. 

Now consider the function 


abe...m 


formed by the product of » different numbers a, b, ¢,..., m. 


1 Jacob Bernoulli (1654-1705) first used this word in this sense: Ars con- 
jectandi (1713). Factorial n was introduced by Kramp (1808). The brilliant 
achievements of a young French mathematician, Pascal (1623-62), set this 
theory a-going. He discovered the number ,,C, as (n + 1)(n+2)...m/(m — n)!, 
and initiated the mathematical theory of probability. Moreover, it is interest- 
ing to notice that Pascal’s results followed from the study of a matrix 


Lie elles al 
eee oh 
ike WO) 
Tet ORO 


Cf. Rouse Ball, History of Mathematics (London, 1901), p. 294. 
13 
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Here is an example where the arrangement of factors is im- 
material: all the n! ways of arranging the row a,b, ..., m are 
equivalent. But consider next 


p= L100, Oy aa Migs iit Sy 
defined as a function of n? numbers ay, dg,.-- 5 G; 04, --- 5 mM, 
which the summation sign indicates n! oe Tied a per- 
muting a, b,c,..., min all ways without disarranging the suffixes. 
This function is called the permanent of the square matrix of 
order ” a 

Gy 0G} My, 

ia Bucs My 


(4) 
Cig Os eee Sa ee 
Such a function is easily constructed in any particular case. It 


is useful to us in paving the way for a better grasp of what a 
determinant is. 


If p,q, 7,...,¢ are the m given numbers, a, b,c...,m, In 
another order, so that 


Prdot3 +++ bn 
is a term of the series (3), we call pqr . . . ¢ an inversion or derange- 
ment * of abc...m. We also have a special symbol 
ea ne 2) 
OP co oF 
to mean the substitution of p,q, 7, .. . , t respectively for a, b, c, 


.., m. It should now be clear that 
Da HG ae 


means exactly the same permanent as ¢, & still having the 
same meaning. 

Next, by transposition is meant the interchange of two of the 
nm letters without deranging the other n — 2 letters. If these two 
letters are adjacent in the row the process is called an oniecas 
transposition. Thus 


abcde, abdce, adbce, dabce, dache 


1Cramer’s word (1750). 
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represent terms derived by adjacent transposition in succession, 
whether read from left to right or right to left. Manifestly any two 
terms of ¢ can be connected by such a chain involving adjacent 
transposition, and the process can be carried out in many ways if 
many letters are involved. 

THEOREM.—Any transposition is equivalent to an odd number 
of adjacent transpositions. 

For if the transposition interchanges p and q between which 
k letters stand, it is equivalent to 2k + 1 adjacent transpositions 
caused by shifting p through & + 1 places until it is just past q 
and then shifting ¢ through k places back to where p first stood. 


2. The C, and C_ Classes. 


THEOREM.—All the n! arrangements of n letters abe...m 
may be sorted into two classes C_, and C_, such that an even number 
of transpositions applied to any arrangement does not alter its class 
whereas an odd number does so. The C.. class is taken to include 
the original arrangement abe... m. 

In the example just cited the terms are as follows: 


Ce abcde, adbce, dacbe, 
Oe abdce, dabce. 
Proof.— 


This consists of two parts, first to show the practicability 
and next the wnambiguity of the classification. First, if 


12S a. . ") 

denotes a substitution whereby a new arrangement whk.../ is 
derived from the n integers 1, 2, 3,...n, we may prove the possi- 
bility for these integers and then apply the same classification to 
n letters (or anything else capable of orderly arrangement). We 
count how many in the lower row precede 1, how many greater than 
2 precede 2, how many greater than 3 precede 3, and so on. Then 
ijk...lis placed in C,. or C_ according as the total count is even 
or odd. As this counting tallies with adjacent transpositions the 
classification is practicable. 

Next it is unambiguous. This is proved by showing that 


no two arrangements T, = 123... and T,= wk... are ever 
connected both by an odd and by an even chain of adjacent 
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transpositions. Let the supposed chains be given by terms 


PET eee 
PRR EPS TER i: 


where consecutive terms differ only by adjacent transposition. 
Form the chain from 7, to 7, by linking these chains at 7,, 
thus: 

Dis Loy Cais Le Le ec eer ee ae 


If T, differ from its predecessor by interchange of p, g, some later 
term 7’, differs from what immediately precedes it by interchange 
of q, p: otherwise the original order as in 7, could not be finally 
reached. If several terms 7’, have this property, we choose that 
nearest to T,. Pair off T,, 7), and start again on the first unpaired 
term after 7,, repeating the same argument. In this way all 
the series except the first 7’, is paired off. Hence either both 
chains are odd or both are even. This proves the theorem. 


Example. T, = 2314 


T, = 3214 
T, = 3124 

T, = 3142 

T, = 3412 

T, = 3421 
T,=T, = 4321 
T, = 42931 

Ty, = 2431 

Tr = 2341 

T, = 2314 


Here two even chains connect 7, and T,. We pair off, in order, 
ROWS AE Os ay, OR 4b Ws ly Ike 7, IO) 


Reciprocity or Duality. 


This theorem applies at once to a permanent; nor does it 
matter whether it is developed by fixing the suffixes and deranging 
the letters, or fixing the letters and deranging the suffixes. Thus 
when n = 2 


Ay by + dgb, = a,b, + 0, dy. 
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Everything, in fact, that has been said of the two classes CO, 
and C_ will hold of ether suffix or letter permutation. But if we 
combine both, we obtain rather a different state of things; there 
would be in all n! x n! terms giving the function ¢ exactly n! 
times, each term of ¢ occurring »! times. 

We may find to which class such a term as 


Py Wie te 
belongs by adding the total count among pgqr...t to that of the 


suffixes yk... 1, for this tallies with recovering the order abc... m 
first and then that of the suffixes 123... n. 
3. Definition of Determinant. 


The series of nu! different terms 


DE ay bees. 2m 


av 


wherein suffixes alone are permuted and the sign of the term is 
given by the class C,. or C_ to which it belongs is the general deter- 
minant of order n. It vs often written 


(abCicc3.20t)s 
or 2 nC ona 8 
or more expressly 
| Oe Oey my 
Gi ee Ms 
A= 
Oye 6 m 


vw dL 
The leading diagonal term 
CEOS OR Ca 


has a positive sign (apart of course from special negative values 
among its ” factors). 


Let & denote the generation by interchanging letters. and & 
that by interchanging suffixes. Then : 


VL 


+ a,bocg...m 


We 


N= > abo, . .m 
x 


(D 884) 3 
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Let us write the general term of x 


a 
€;0;b;C;, ... My 


where e, is --1 according to the class of ijk...1. This is some- 
times denoted by 


Now the interchange of 7j shows at once that 


sa ( oie | 

sor AH met 
is opposite to e; The same remark holds of the interchange of 
any pair 7’j’ in the lower row. Applying this to A, if any two 
letters a, c are interchanged in all terms of & we obtain a series 


() 
Xwy where each term wy is equal and opposite to a term in &. 


Also any two such terms wy, wy of Xwy must differ, otherwise 
they would be also equal before the interchange. Thus Lwy 
exactly tallies with —A: whence 


If two columns of A are interchanged, A changes sign. 


For like reasons 


If two rows of A are énterchanged, A changes sign. 


Let p, ¢ be two letters or two suffixes. In the substitution notation 
these last results are written 


Should the elements of the rows, or columns, in question, be 
identical, the left-hand side of this last equation leaves A un- 
changed, so that 


Nese so that. A= 0, 


whence, A vanishes if two columns (or rows) are identical. 

In particular, if each element e; of A is unity, the above 
holds, so A vanishes. But now, on referring to the definition, 
we find each term of A is + 1. Hence the number of C, and 
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of C_ terms is the same. But the total number is n!. Hence 


! 
Each class C , and C_ has > terms. 


An example of all possible interchanges of columns of A was 
given in (10), p. 7. There will be n! ways of writing A in general 
by such interchanges of columns, together with n! ways by 


interchanging rows. So for n= 3, if A= | a,b,¢; | 
| ab, c3 | = | apb,e, | = | gb, ¢, | = — | a,b3c.| = — | ayb, 65 | 
BD WU hen unon Peaururen 


In this way any of the elements may be brought to occupy the 
first place originally filled by ay. 


4. Arrangement of Terms in the Expansion of a Determinant. 


Co-factors. 
Let us write A=7,+...+7,+...+7,,, 
where the chief term T, 1s a,b, ...m,,, and the number of terms is 


n!. This series is very unlike most of the familiar series of elemen- 
tary analysis, for here there is real difficulty in deciding on a 
natural order of its terms. There is no such thing as a general 
nth term in A, as every term is in a sense a general term. But let 
us agree upon one particular order as follows. We fix the order 
123... m of suffixes in each term, and then arrange the terms 
alphabetically. This not only gives a unique order of succession, 
but automatically cuts the series of n! terms into n equal sections 
of (n — 1)! terms, exactly like the A, B, C ... sections of a 
dictionary. So we write 


A=4,A,+6,8,+¢0,;+...tmMy « () 


for a, is a factor of all the first (n — 1)! terms, b, of the next, and 
so on. The capital letter factors are called co-factors of the re- 
spective small letters. But we may equally well take the suffix 
order fixed as wk... 1; so we likewise obtain, if = 1, 2,...,n, 


A=a4,A;+56,B,;+...+mM, ae Pe) 


which defines co-factors of elements of the ith row. Thus 4, is 
co-factor of a;, B; of b;, and so on. 


1 Tf n > 26, define this as abc... za’b’c’...2’a"b’c”.... &c.! 
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Correlatively we may fix the letter order abe... m of a term 
and write the suffix sets in ascending order, reading the suffix set 
as an ordinary number in a sufficiently high scale.’ For n= 3 
this gives 

Ay by Cz — 04 b3Cg — Ay by Cg + Agb3 Cy + agby Cg — 302¢. 
It leads in particular to the development 
A=a,A, + aA, + a34,+...+ 4,4), 5a a) 
and in general to 
N= ¢, Ey eh, te hei en eee) 


where e denotes any of the n letters. 

In the above we have expanded A by a row or by a column. 
In each case the co-factor, typified by H;, 1s a determinant of order 
tye 1 

For it contains all the (n — 1)! terms obtained by permuting 
either letters or suffixes not represented by e, or 7, and the charac- 
teristic alternation of sign accompanies the derangements. Hence 
the definition of a determinant is satisfied. 

In particular 


gyre DCs ee ete 
mul becke m 
3. Cae ig 
(9) 
DN CNe Ree 


for a,A, contains the term a,b,c, ... m,, which has the sign of the 
first term (the chief or leading diagonal term) in this last deter- 
minant. This is most easily remembered as the result of sup- 
pressing the row and column of A intersecting at a. 

Unfortunately this last device would cause confusion in finding 
co-factors of other elements, because the sign of the resulting 
expression may be wrong. It is therefore useful to have a special 
name for the determinant so formed by suppressing row 7 and 
column é. It is called the minor of e;. Let us represent this graphi- 
cally. 


1If nm < 10 the scale of ten will do. 
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This process has not disturbed the orders of the rows and columns 
retained. Each such determinant of order n — 1 obtained by 
suppressing a row and a column of A is called a first minor. So 
A will have »? first minors. They are given by the elements of the 
matrix 


eS Ay, By C1, D, smell (==) Mi, 


A,, +B, —Cz, +D, ... (10) 
(aan 98 +41, 
with alternate signs like the pattern of white and black squares 
on a chess board; white + and black —. For it is obvious from 


the mode of definition adopted for co-factor and for minor, that 
they only may differ in sign, whereas this sign is determined by 
counting the adjacent moves, say right and downwards from 
position A, to that of the element in question. Thus the minor 
of c, has a negative sign because it is three such moves from 
position @,. 

If n Greek letters a, B, y, ..., » with n suffixes are used to 
denote such minors we may write the determinant A in still more 
ways 


A = 4,4, — Aga, + agag 
&e., 

exactly corresponding to the expansions by co-factors 
iN == GAG ! by By eC, | . 
A==\0,A5 4. ¢,4, + 54, - >... . 


That these are actually equivalent is best seen by noticing that 
the minor of b, is by definition | acd, ... m,, |, while the terms of 
A involving b, must be given by 


/ | 
—by | dgcgdg... My | 


with the negative sign, since the suffixes are in natural order 
while 6 and a are interchanged. 

Thus co-factors and first minors are numerically equal but differ 
in sign according to the scheme (10). 

An example of the use of minors with the characteristic alter- 
nate signs is given in (13), p. 7. 
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EXAMPLES 


Gh oy Gi 
Gh U5 5 


a, bs cs | 


the co-factor of a, is bc; — bc, which is the same as its minor. But the 
co-factor of bs is —(ayCo — @yC,), since the determinant can be written 


2. Expand (abc) by its second column; and also by its third row. 

8. Prove 6,4; + 0,4, + 0343 = 0. 

4. Prove (pa, + qaz)Az + (pb, + qb2)Bs + (pe, + Ge2)C'z = 9. 

5. What is the sign in the scheme (10) at the ith column and jth row? 
Ans. (— )'7J, 


Laplace’s Development of a Determinant. 


Ot 


Just as the full expansion & + a,b, ...m,, of a determinant A 
arises from the m! permutations of n different suffixes 1, 2,...,, 
so also special forms of the expansion are found by considering 
the modified set of permutations of m things when r are alike of 
one kind, s of another, ¢ of another, and so on. This number of 
permutations is known to be 


n! nf, n 
rl sl elie.) Wasp Gnas 


where r+s+it+...=n. In particular, for two kinds, 7, 
n— 1, it is 


To fix our ideas, consider the kinds as white and black: the first 
7 things being white, the following n — r things black. Thus, as 


_ 
colour arrangements of the n original things; but using a stricter 
criterion, each colour arrangement subdivides into r!(n — r)! 
different arrangements, when each individual thing is regarded 
as different. 

Further, we may imagine all the colour arrangements of the 
n things first made, and then subdivided, so that we can think of 


regards colour, there are only two different things, and only (2) 
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the original n! arrangements in their colour order; namely the 
first r!(n — r)! of these arrangements belong to one colour order, 
the next 7! (n — r)! to another, and so on. 

For instance, taking three things, one white w, and two black 
b,, bs, there are in all six arrangements 


Wy Dyb3, Wy bsb., by Wyb3, bs W1b,, bobs, bgb.w; 


derived from three colour arrangements 


whb, bwh, bbw. 


For five things w,, W,, bs, by, bs, two white and three black, there 
are ten colour arrangements, say 


wwhbbb, ..., bbwbw, bbbww, 


and twelve (2! 3!) subdivisions of each. The twelve subdivisions 
of wwhbb are 


Wy Wy b3b,b; We Wb, 6,6; 
Wy Wy b3b5b4 WW b3b,b4 
Wy We b4 bb; WW 6,656; (12) 
W, W2b,b;b5 WW, 5,55 bs 
W, Wb; b3b, WW, b; bs b, 
W, W255 b4b5 WW, bs by bg. 


Manifestly the subdivision of a given colour arrangement can 
be made partially, black first and then white, as in the above 
scheme read by columns, or white first and then black, as in the 
above scheme read by rows. These partial subdivisions go on 
independently because they each only affect arrangements entirely 
within a colour group. 

Now let this arrangement be made of the original terms of 
the determinant, where the first 7 suffixes are called white and the 
next n — r black, the letters a, b, ..., m being fixed in order. 


We first have ( ia colour arrangements, which are next subdivided 


: n 
into an array of (n — r)! rows and ‘ r! columns, each column 


containing permutations of the black but not the white. 

Since the letters a, b, ...,m are fixed in order, and the black 
suffixes alone are deranged in a column, each inversion being 
accompanied by a change of sign in the term, it follows that the 
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sum of terms in a column is a determinant H#,_,, say, of order 
(n — r) multiplied by the product of r elements whose suffixes 
are white. Also this determinant will appear in each of the 
ry! columns of the same original colour arrangement. Summing 
such 7! columns we obtain the sum of these coefficients, which for 
the same reason give a determinant £,. of order r due to permuta- 
tion of white suffixes. Thus each colour arrangement gives an 
array of terms whose sum /#,#,,_,, is a product of two deter- 
minants 


He Wath onl te a 


: ae rear ag (13) 
E,-, = gah LO ices ae * J 
where a’, b’,..., f', g',..+,5 m are the letters-a, 6,..., m m 


some order. For the letter order has been deranged by factorizing 
the terms of one colour grouping. Hence the original determinant 


; : in 
is expressed as a series of ( _) terms 


Dh, Ly 
by rearranging the whole series of m! terms in the manner ex- 
plained. But masmuch as each term of & #,.#,,_,. now has its 
suffixes in the original order, the terms are derived from one 
another by applying what has been called the colour permutation 
to the letters ab...m instead of to their suffixes; for this 
is the effect on the letters of arranging a typical term of 
each colour grouping (12) in ascending order of its suffixes. 
And finally if we examine the chief term of #,, and of EF 
which is 


ed Me) 


/ y oh / / / 
Oa Open hp Et is em 


n? 


we see that it is a term of the original determinant with letters, 
not suffixes, deranged. We infer that, if n > 2, 


O02 long seas 


belongs with ab...fgh...m to the C, class. This completely 
specifies the sign of the term and we finally write 

[3 ..<n,,'| = 2) [Gb oof alg! cy eee) 
or Ate 2s 


iis 
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by its first r and next n — x rows.4 


Example.— 


| Ay byC3 dq | a | a by | | c3d4| + | a, ¢| | dsb, | + | a, ds | | by eq | 
+ | by cy] | asd, | + | bya, | | egaq| + | cdo] | 255, |. 


Various corollaries immediately follow. For let aj ...q be a 


C', arrangement of the suffixes 1, 2,...,. Then 
| qbs...m, |= | a,b,...m, | 
= 2|a’,b’;...|[...m’g| 
a= Ey, Br’ 


say. This gives a Laplace development by any assigned v rows 
and the complementary n — xr rows. 

Similarly we may fix the letter order in the C, class and 
permute the suffix order. This gives a Laplace (r, n — r) develop- 
ment by columns, also denoted by (7: n — 1). 

Once more, by using three or more colours in the original 
permutations we may make a Laplace (r,s, t...) development by 
rows or by columns, 

Kea Be Eee. free Gir 1) 


a series of n!/r!s!t!... terms. 
EXAMPLES 


a 
1. Expand | a,b.c,d, | as. & | aibj || cxdy | where ij, kl = 18, 42: also 
where 17, kl = 41, 32. 


a 
2. Expand | a,bocxd,e;| a8 Ua, | bcs | | dye, | 3 also as La, | byes | | dyes |. 


8. If | a,b.c,d,e;f,| is expanded in various developments but without 
regard to the sign of the term, what sign should be attached to each of the 
following? 


| body | | arcseefs!, | Gefsda| | Oscrer |, | Gadsce | | dreafe | - 
Ans. —,—, +. 
4, Show that the ordinary expansion © + ab,c,... of | ayb.c3...| is 


a particular case of a Laplace development. 
5. Show that the expansion by a row or a column, e.g. La; A; is a 
Laplace development. 


1 Dating from 1772. Cf. Laplace, @uvres, VIII, 365-406; Muir, History, I, 
p. 24. 


26 FUNDAMENTAL PROPERTIES [CHap. 


6. Algebraic Complements and Minors of Order 1. 


If A = XE, E,_, is a Laplace development where each term 
is positive, the factors #,, £,_, are sometimes called algebraic 
complements of each other. 

For instance in | a,b,| the algebraic complement of a, is —),. 
In | a,6,¢344|, that of | a,¢)| is | db, |. 


Definition of Minor of Order 7.—The determinant obtained by 
suppressing any n — x rows and any xn — x columns of A is called 
a minor of order rv. 

It is also called an (n — r)th minor, in agreement with the 
first minors already introduced, where n — r= 1. 

It is best to extend this definition so as to include, as such a 
minor, a determinant made by any derangement of rows and of 
columns. Hence we regard the two determinants given by 


+ | p; 4 . air 
as minors of order 7, where p, q,..., s are any 7 of the v letters 
Os by ncay m and %9,.0..,eareany® of the suffixes 2 a), 


In this way both #,, and #,,_, are minors, and when their 
product is a term in a Laplace development of A, they are called 
complementary minors. Their other name, algebracc complements, 
is used also in a different sense: namely, if 


Aca Sh, Bs SG boul eilllg ae ee 


at 


the partial letter rows a’b’...f’ and g/h’...m’ in this order are 
called algebraic complements of each other. 

The phrase is used to specify two complementary letter (or 
suffix) sets in such cases as the Laplace development. Clearly it 
is relative to a given natural order. Thus, relative to the order 
1234, possible algebraic complements are 


1, 234 12, 34 34, 12 214, 3, &c., 
2, 314 13, 42 42, 13 

3, 124 14, 23 23, 14 

4, 213 


but not 234 1. 
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7. Determinantal Permutation. 


i n 
Definition.— The (*) arrangements of n letters ab... f, gh ...m 


where r precede and n—r succeed the comma according to the 
(cr: n—r) Laplace development is called a determinantal permutation 
of the n letters. It is denoted by 


ab... f, gh...m. 
For example we should write 
a, be = a; be, b, ca, 6, ab; 


When this notation is used on arguments a, 6, c of a function 
of a, b, cit is understood to mean the swm of the functions obtained 
by making these permutations. 

The dot placed above a symbol (letter or suffix) indicates that 
it undergoes permutation. The notation evidently gives a compact 
way of writing a Laplace development. Thus 


| ay by cy dyes | = | ayo | | Cady es | 


where a series of 5!/2!3! terms is indicated. Similarly for further 
subdivisions, including the original expansion. So 


A = |,0,0,¢,4,€,; | = 2 0703050, 6, 
= aby Cy dyes 
= | aybycg| | dyes | 
=| a,b | | Cyd; | esp 
&e. 
We may therefore speak of an (r, s, t,. . .) determinantal permuta- 


tion of r+s+¢...things. But if r—s=t—=—...=1 we 
must utilize a negative sign to specify certain of the terms. Thus 


Goce «,0,c, —a,c,b, —b,a;,¢,. b,¢,a, ¢,4,6, -—e¢,b,a. 
Also, as an alternative to the a, bc above, we have 


a, bc = a,be, —b,ac, c, ab, 
and so on. 
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As further examples of the notation we may have 
| sbo| | ead | =| ends Lerda| — | orbs | | ard 


sin (A — B) = sin A cos B. 


EXAMPLES 

1. Prove (d — c) (d — b) (d — a) (c — b) (c — a) (b — a) 
eae See: Sart 
OW OS Gs 


~1q2 $2 ¢2 d? 
> WO? ES ok 
This determinant is called an alternant. 
2. Give the corresponding identity for an alternant of orders 2, 3. 


and . 

a 
8. Prove the rule of signs for the determinant & 4 
sidering the alternant. 


L dyb red, by con- 


4. Resolve into factors 
1 ; Iie a! 
a il o @ 
Op Wap we Ge 
OP BOR (2 OF 


5. Prove by resolving into partial fractions that if 


C2) Qe SP TORE se oc 0 SE Oe r<n, 
f(z) 
(x i Ay) (x —)y) @ volis (a => An) 
1 ev See Ls ie , 1 
Ap Xo > dn oe ODS: Sy: 
a a, oe ea fe ge 2 Ayw-2 1-2, An? —2 
fq) fs) fn) ; 
ae Ay Sa 1 1 An a Agi, An®-1 


6. If the denominator (x — ,)...(«% — An) of the preceding example 
is written g(x), express the integral of a rational function 


[ ) dix 
J 9{*) 
as the quotient of two determinants of order n. 

[Replace each f(A:)/(~ — Xi) of row, above by f (Ai) log(a — 24). 

7. Evaluate f(x)/g(x) and f'\f(x)/g(x)\dx as quotients of determinants 


in the case when g(x) has repeated factors. 
[Replace col, of both determinants by columns obtained from col, by 
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differentiating with regard to 4, as in Ex. 4. This covers the case when 
Az = A, alone. Further, such differentiation solves the problem for higher 
repetition. 


8. If in the alternant A = | a°b1c?d3 | of Ex. 1, a and 6 are conjugate 
complex numbers, (cos + i sina), prove 
0 1 al 
Kos r sin % reosa co @ 


r2 sin2a 72 cos2a c? d? 
r3 sn3a r?cos3a c? d? 


[Use col, — col,, col, + coly. 
9. Adapt Ex. 5 to the case when A,, A, are conjugate complex numbers. 


10. The first integers are deranged and written also in their original 
order, so: 


ZEB Be tah 
Chor 4 
1 aie Whew bi} 
If the m pairs 11, 22,...mnmn are joined by lines, curved if necessary to 


avoid multiple intersections, prove that the number of intersections 
determines the class C+ or O_ of the upper derangement. 
[ Aitken. 


11. Rothe’s theorem on conjugate permutations. Two derangements 
are conjugate if the element and place occupied in one become the place 
occupied and element in the other. Show that the conjugate of 43251 is 
53214. 

Further, show that the scheme 


Ue a ss 


Gy ay 4 all ed! 


has the same pattern of intersection lines as in Ex. 10. 
Hence prove that two conjugate permutations belong to the same class. 
[ Aitken. 


12. A derangement is self conjugate if its conjugate is itself. Prove 
that its pattern is symmetrical about its horizontal bisector. 


18. By considering such symmetrical patterns of n, n — 1 and n — 2 
columns, prove that the relation 


Ui — aU ye (nm 1)Un—2 


connects the number of self conjugate patterns of n, m — 1 and n — 2 


things respectively. 
| Rothe—Aitken. 


Cf. Muir, History of Determinants, 1 (1906), 60. 


CHAPTER III 
LINEAR PROPERTIES. FUNDAMENTAL LAPLACE IDENTITIES 


1. Linearity. Homogeneity. 


The n-rowed determinant A = | a,b,c,;...m,| is a linear 
function of the elements of any row or column. So many pro- 
perties of A hang on this that it is worth explaining in some 
detail. 

To begin with, the notation f(x) is used to denote a function 
of a single variable or argument «x: while f(x, 2, Lg, ..~- Lp); 
denotes a function of n different arguments. If these arguments 
can usefully be called a set, or one-rowed matrix, as when they 
serve as co-ordinates of a point, we frequently contract this 
notation and write 


f (2) =f (Xp Lo, Lg, +++, Ly). 2 ASE eS (1) 
We may even drop the suffix and write simply 
f (2). 


This is the contracted functional notation fora function of a specified 
set of arguments 
Cee [ys Woy aos Lyle are eee) 


The function is homogeneous and of order p in its arguments 
if, and only if, 
Re” KG ling hic ny by eae a et eerie (3) 


identically for all values of k. Thus if a, dy, ..., @, are in- 
dependent of x, the function 


04% + A%+...+4,2, 5 eGgen wlC) 
is of order unity. It is a linear homogeneous form in n arguments 
x. We write this in various ways, for example, 


a) 


Daa, Kale) a,» (any: St 3a() 
C= 
30 


Cuap. II1.] LINEAR PROPERTIES 31 


Now the fundamental property of a linear form is the sim- 
plicity of its addition theorem, namely 


F(a+ y=fla) + FY), 


which can be interpreted in the contracted functional notation. 
Thus if 


I (2) =e Ay Ty Ay ne) aos A, Ly, 
Ty) = ay YW a, Yo ie oo ay, Yn 
then 
F(@ HA Y) = &, (4 + Y) + @g(%_ + Yo) +... A, (4, + Y,)- 


More generally if we multiply throughout by p and q respectively 
and add, 
f(pe ay) = pf (2) + af(y) 


where 
PL + QY = PT + FY1, PLo+ Yo, ---» P¥y + Wn 


An immediate consequence is the following theorem. 

The n-rowed determinant A is unaltered in value by adding — 
to one of its columns any linear combination of its other columns. 
This is true also of its rows. 

Thus, by p col, -+q col; + 7 col,, 


dy + pb, + qe, + rd, 6, G, dy 


A, + pby+ lg + Tdy, bg, Cy, dy 


ds + pb, + qce,+ rd, bs, Ca, ds 


Gg + poy + Gey + dy, Dy, Cy, Uy 
= (abcd) +- p (bbed) + q(ebed) + 7 (dbed) 
= (abcd), 


because the other terms, each having an identical pair of columns, 
vanish. 
With the notation of (5) the following are very useful examples 
of this linearity: 
On 4 = Ay + Ay, 


Une +qy ao pa, ‘la qay > 


p and g being common factors of all m terms. 
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2. Special Determinants. 


The following cases, the results of which can be easily verified, 
are worth noticing. 

(1) The unit determinant. It has unity for each leading diagonal 
element, and zero for each other element. 


The matrix of this determinant is called the unit matrix (§8, 
p- 68). 

(2) The value of the unit determinant is unaltered by filling 
up one triangle of zeros with arbitrary elements. 


; LO cones 
1= E - 40 1 . == &e. 
al 
yee 
(3) pss 

bee = Gy by C3 dq 

Gia ae 

pqr dy 


(4) A determinant of lower order can be expressed as one of 
higher order without disarranging its elements. 


: i i) 9B 
a b| ee CTS aiy at 
== CR ep | ae : 
d | ‘ 1 


Thus the determinant |“ ; is extended diagonally with the 
Cx 


unit matrix, bordered on one side with zeros and on the other 
with arbitrary elements. 


3. Double Suffix Notation and other Contractions. 


Hitherto we have used letters to distinguish columns, and 
suffixes for rows. This has certain advantages, but not such 


TE DOUBLE SUFFIX NOTATION RR 


as entirely supersede other notations. Let us now write 


Op Uae Or esse Gn 


for 
Gh Mie GO nee HO 


and a,; for the letter of the 7th row and the jth column: so that 
a typical determinant is 


Ci Sig 13 
A= |G, Gop Gog)=|a,|. . . « (6) 
ei) Cae 


We adopt this simple notation! | a,,| for the determinant A, 
and [a;;| for its matrix, so that 


M1 Ag Ag 


[aj] = | Go, aq Mag |- eee Oe) 


M31 zp Ags 


In consonance with a previous use, A is sometimes denoted by 
(4,443), Where a; stands for the 7th column. 

As a rule there is no ambiguity in practice when the order 
n of the determinant is unspecified, so that | a,| is of whatever 
order immediately concerns us. Where doubt may exist the 
order must be clearly explained. ; 

A particular case of this notation is defined by 

Ot aR4; 
[Oa cloyls = 984 — ee aA Beers (8) 

This symbol, which is called the Kronecker delta, characterizes 
the wnt determinant and the unit matrix. 


4. A Determinant is irresoluble into Factors. 


Regarded as a rational integral function of its n? elements, 
a determinant has no rational factors. For suppose if possible 
that A= |a,| can be written as the product of two rational 
factors O¢. 

Since A is linear in each element, a,, cannot occur in both 
factors 0, ¢. Suppose that it occurs in @. 

In the expansion of the determinant no term occurs in which 


1Introduced by H. J. 8S. Smith (1862) and established by Kronecker. 
(D884) 4 
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d,, is multiplied by any element belonging to its row or column. 
Thus ¢ can involve no element belonging to the first row or the 
first column. Let a,, be an element which does occur in ¢. By 
similar reasoning no element belonging to the rth row or sth 
column can occur in 0. 

Thus the two elements a,,, @,, cannot occur either in 6 or in 
¢. But the expansion of the determinant involves every element. 
Our supposition that A can be written as a product of factors 
6d is therefore untenable. 


5. Rules for Combining Matrices. 


It is now the place to give the rules for addition and sub- 
traction of matrices. These rules, which are due to Cayley, turn 
out to justify themselves, although they contradict some of the 
corresponding rules for determinants. 

If a,, and 6,, are corresponding elements in row 7 and column 
4 of two matrices A and B, the sum of A and Bis a matrix with 
aj; + b, for corresponding element. This is the definition on the 
understanding that it is true for all values of 7 and 7, so that 
A and B must be conformable; they must each have the same 
number » of columns and m of rows. 

A rule is sometimes given for addition, when the matrices 
are unconformable; but this case will not be considered. 

Let the sign {7j} placed after an equality mean “ identically 
for all values of 2 andj”; then the m by matrix C is the sum of 


A and B if 64 Og Hoy SEG a) 
where A = [a,,], B= [6,], C=[e,]. We now write this com- 
prehensively as CAs BY bot eee eee) 
Likewise for subtraction, we define 

Cse ASB cnt od tee 
pees Cy = a; — by LU] \ i.) eo eee ne 


In particular we write A+ A= 2A, so that 2A denotes a 
matrix wherein each element of A is doubled: whence if 7 is a 


positive integer tA —|ra,.| Me ee Hilts) 


where every element is multiplied by r. 
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Again, if A= B then a, = 6, {vj\, while if 4+ B is the 


4) 
null matrix, a;-+ b= 0. Accordingly we write 


[as] — [ay] = [a,, — a] = [0] = 0: 


also 
[a,;] a [—a,] = [a;; — a|= 0. 
This in fact defines —A, namely 
A= [a;, ee oe [a,;| =[- a;;). (HE) 


The reader who has examined the theory of indices in 
elementary algebra will have no difficulty in extending the 
validity of relation (13) to cover cases where r is not merely a 
positive integer, but is negative (as in (14) ), zero, rational, 
real or complex. Let us call such values scalar numbers to 
distinguish them from the entities A, B, C which are arrays of 
numbers, although they behave in many ways like scalar or 
ordinary numbers. This behaviour is summed up by saying: 

Linear combinations of matrices with scalar coefficients obey 
the rules of ordinary algebra. 

In fact we may prove without difficulty the following funda- 
mental identities: 4 = B implies B= A, 


A+ B=B+A, 

(A+B) +C=A+(B+0O), 
rAt+rB=r(A-+ B), (15) 
t1A+ sA=(r+s)A, | 

(Ae AY: 


Each of these equations involving A, B, C is merely an abbre- 
viation for a set of mn equations involving a,,, b;;, ¢;,, where both 
~ and 7 remain constant in each particular equation. 

We may even have relations linear in the matrices but not 


linear in scalar numbers. It would be true to say 
LA yB a(z—a2)A+ y(y—z)B 
os == 
f—2 2-2 (y¥ — 2) (z— 2) 


where z, y, z are scalar numbers. What is at present excluded 
is a product of matrices AB, AC, A?, ..., which will later be 
defined. 
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The reader who is familiar with the use of vectors in one form 
or another will recognize that these laws are identical with the 
addition laws of vectors. 


Transposition of a Matrix. 


Definitions.— The matrices A = [a,| and A’ = |[a,| are called 
the transposed of one another. Each is obtained from the other 
by interchanging its rows and columns. It is often convenient 
to denote the transposed of A by an accent. (Cf. Chap. I, §3.) 

The property is conjugate or symmetrical, and sometimes A’ 
is called the conjugate of A. 

When transposition leaves a matrix unaltered, the matrix is 
said to be symmetrical: if transposition is equivalent to changing 
the sign of all the elements the matrix is skew symmetrical. 

When a matrix has a single row, or a single column, it is 
called a vector. Thus there are two distinct types of vector, 
the row vector, and the column vector. 


EXAMPLES 
al 
. Ih ye 33 2 A 
‘ If a=|s 5 | and n=|s 4 6]. 
7 8 9 i te 3 
then 
134 16 LeZOe Re 
4+ea| 8 9 12], white d= [0 1 0 | 
T4167 QO) (0 dl 
Again 


p » 29+ 2¢, 3p+ 3q 
pA + qB == E 49, Sp 49, 6p=- | . 
ip-+ iq, 8p-+ 8g, 9p + 8q 


Lae, 
If A’ is the transposed of A, then A’ = 2 5 s| : 
Seno) 


@ hog Oe og 
ry Or E b | is symmetrical, while S = - ef @ P| is skew 
Gite == ped 
symmetric. 
A skew symmetric matrix necessarily has zero elements throughout 
the leading diagonal. 


3. Prove that in general the sum of a square matrix and its transposed 
matrix is symmetrical, while the difference is skew symmetrical. 


4. Prove the determinant of the matrix equivalent to pA is p” times 
the determinant of A, if A is a square matrix of order n. 
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L000 
5. If J denotes the wnit matrix 0 1 0| , then 4A — AJ 18 
Oe MO) all 


Gig — Xs Ais 5 Atak 
Any F Wire I cdo abe 


The determinant | A — AZ| is a polynomial of degree n in %. Likewise for 
|. 4 + 2B| if B is square and of order n. 

6. Prove (A + B)’ = A’ + B’. 

7. Prove Al— (A’)/, 

8. Any square matrix of order n has at most n? arbitrary elements. 


The symmetrical has 3n(m-+-1) and the skew symmetrical 3n(n— 1) 
arbitrary elements. 


6. Currency of a Matrix. 


It is often very well worth while to group several columns 
as well as rows of a determinant in one symbol. Let us agree to 
use capital letters with suffixes for this purpose, unless something 
is said to the contrary. 

We first write the n-rowed determinant 


GIG GO 050.0 A One) ee CLG) 
as 
Gal ae ap Ste ie ae. Ln) 
In full this is given by 
yy My» » Gy Dy Dy . - Oy 
Agee catnrez 2a on Boy Bo, « - Oo, (18) 
Gi Ue - - any, Dig Bng wine On 


where s=n—~vr. Clearly this is a formidable expression, only 
to be used sparingly, while (16) is much easier to handle and 
(17) is even better still. In (16) each a, or 6; denotes a column; 
in (17) A,, B,_, denote complementary oblong matrices making 
together the square which furnishes determinant (18). 

Definition of Currency.—The suffix r of A, is the currency of 
the matrix [A,] for the field or category of order n. 

So the currency specifies the number of columns in 4,. 
In the same way we consider each a,, b; of (16) to have unit 
currency. They act as “small change” equivalent to two 
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“pieces” A,, B,_,.of higher currency in the determinant whose 
contents is of total currency n. — 
Next let A be cut just below the 7th row and expanded by 


Laplace’s development: The result is a sum of (‘) terms 
(ay dg - - - M)193, 7+ (010263 - - Orta eto. 


where a, d),..., 0, are deranged, although the outside suffixes 
are fixed because they refer to rows. It is essential to have a 
ready way of alluding to this fundamental operation, so we simply 


denote the sum of all the (‘) arrangements by these equivalent 


notations: either of B. or (ly Uy - k cops bbe This is a 
case of what has been called (p. 27) a determinantal permutation 


of the r columns of the matrix A, with the s columns of B,. 


7. Transposition Properties of Determinants. 


The process just described can be carried further by parti- 
tioning one or both of A, and B,. Equally well we may partition 
a determinant into layers of rows, or even make a double partition 
by columns and rows. In this case we express a determinant by 
the matrices in the rectangular partitions. For example 


@ bord 
Cr eign b 
Pq its 
ty Up ee YE 


can be looked on as pieced together from four matrices in rect- 


angular array 
E i |< | 
eo. g h 


Gamer 
ve Yy zt 
forming a matrix of matrices. In all such partitioning the 


relative positions of the original elements of the determinant 
are maintained. Accordingly by 


awe 


A= \ 
i i (19) 
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is meant a determinant whose elements are partitioned into 
four matrices A, B, D, E. Tf£‘A, D each have r columns, B, E, 
s columns, A, B, t rows, D, E, u rows, then 


rts=ttu=n, 


A being of order n. Now we can alter the expression for A 
in various useful ways. For by transposing all s columns of 
B, E to precede columns of A, D we have 


AB 


elds A 
A= =(—)" . 20 
lS E oe ie D | (20) 
By transposing rows, we have also 
A= (—) DE = (aya E D i 
ve aa 53 Bets 


Similarly for triple and higher partitions. 
The main use of this matrix notation occurs when all the 
matrices have n rows, and determinants of orders 2n, 3n,..., pn 


are considered. 
For example, let R, S, T be matrices of n rows and 7, s, ¢ 


columns respectively, where 


fa 8- > t= 2n- ONS ee ee an) 
Then oe Ss 
a 


represents a determinant of 2n rows and 2n columns, the dots 
signifying arrays of zeros. Now A is unaltered by 


LOW te OWs| Glue PLOW go LOW; ta. TOW s)5> TOW, 


or briefly 
lower matrix — upper matrix. 


But by definition of subtraction of matrices 
R—R=0, 0—S=—S, T—0=T. 


Thus R Sas 
j= ? ee ee (2 
Ys a 2 


Similarly ee | Pcie | 
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Further, on multiplying by — 1 each of the last » rows of the 
full expression summarized in (22), we change the sign of all 
the elements concerned, and so — S becomes + S and 7 becomes 
—T. Hence 

LS 


But 7 has ¢ columns. So, on multiplying the last ¢ columns of 
A by —- 1, we obtain 


I, 
N= aig ts 4 
Emin ae 
Sime 
Pe (ease co) 23 
= Sue e 4 ey 
as in (20). 
So the determinants A and F : rT can only differ 


in sign, and that only when n + ¢-+ rs is odd. 
Exactly similar reasoning shows that if 


Fi LS VEIN ee 


are p matrices of currency h, 2, 7, k... respectively, the deter- 
minant of order np 


BoE See 

Bee ee : (24) 
RNS, Stel SNR 

apart from sign, is unaltered by writing any matrix LZ or M or 


N...repeated in the first column and the rest diagonally as 
before. The only condition is 


hight. n= (p— lyn. 2. (23) 


to make the tetal number of elements (not matrices) the same in 
each row and column. 


The next section will illustrate this type of determinant. 


EXAMPLES 
1. If A, B, C, ... are each two by two (or 2k by 2k) matrices prove 
ALBA DC tee & 
OUD Gb aoa eae 
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2. If A, B, C.... are each square matrices, then 
BS =A) Bl Ven. 
GC 
8, Prove 
ia 8 
Eee Naa | CL 
Vee 


[Expand by Laplace’s method. ] 


Oe tO ey Ue Gli, Ee 
Gis Why im thy Gx 8B 
b 


dy bp ¢, ty ms 2,| =(A,L,X,) =(ALX), 


te be Ce le Mme 2 
show that (ALX) = (AXL) = — (XAL) = — (XLA) = (LAX) = — (LXA). 
5. Examine the corresponding six permutations for (A; L; Xz), 
i4+jtkh=n. 


6. Extend the linearity theorem at the middle of p. 31, to the case when 
the letters a, b, c, d are replaced by matrices. 


8. Fundamental Laplace Identities. 


Laplace’s development leads to many important results in 
particular cases, some of which will now be given. They mostly 
depend on cutting the determinant half-way across and expand- 
ing by complementary minors of equal order. 

First expand the vanishing determinant 


yy VY Ly Yj 
Ty Yo: Ty Yo 
Lz Ys Lz Us 
Ty Yo : Lg Ya 


then 
(LY)12 (©Y)aa + (LY)a3 (LY)aa + (2Y)14a (VY Jog = (26) 
identically. 
Correlatively since 

a bh Gy a 
CaO Cs ay 
mj bb ag dy 
i038" C54" ds 


then 
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Several results follow from a determinant of the sixth order. 
Consider the identity 


Civ0y acyl ba Pes Oy a eC 
Gp. Os S05) e) Cees Ulisse MEK tis 
Ox. Cant” sas Gnd | Og MNCaY ha Os 

- a & fy 5 Oy = Oy Gy : q Ss 

. dy & fe = 0s Oper, . & fe 

ds es fs 210s ¢ = -Dae = C, . es fs 


This is comprised in the single operation:, Subtract the wpper from 
the lower half matrix in the first determunant. Expanding by 
Laplace’s method we have 


(abc) (def) = (dbc) (aef) + (adc) (bef) + (abd) (cef), (28) 


where all suffixes are 1, 2, 3. All the other usual terms have 
disappeared because of the zero columns in one or other factor. 

This is called a fundamental ternary identity, in general 
form. . But>im particular if [d|== [7 | ee-dye= fede 
d, = f;) then (def) = 0 and 


0 = (foe) (aef) + (afe) (bef) + (abf) (cef). 
Rearranged this is 


0= (bef) (wef) + (caf) (bef) + (abf) (cef). . (29) 


This is an example of an extensional, for it reproduces at a higher 
order an identity (27) already known, merely by inserting a 
common letter f in each factor. 

The eighth order gives still more varied results by exactly 
the same device. We expand the identity 


mo gdaf. . mM hb & dg gy f 

Ay by Cy dy ey fg. . Ay by Co dy & fe 

fin Only Oe Cnt e Booed OE OU GE Ok 

iy ONG Oa Cay ne dig vb,>- Gy” Td) 76 aaain 
Osc) ee =a, —b, —¢, : Cn ee 
- dy by fz Jz he File oa Cae as a Came Geal 
. ds es fs gx hg | —d; -—b, —Cs G3 hs 
» dy ey fa Ja hg | —y —Dy —Cy 9, hy 
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and obtain 


(abed) (efgh) ++ (abce) (fdgh) + (abef) (degh) 
= (defa) (begh) + (defb) (cagh) + (defc) (abgh). - A(80) 


All other terms disappear because of zero columns. Now it is 
useful to use the abbreviation as in §7, p. 27, for this last result. 
It is written 


(abed) (efgh) = (defa) (begh), , . . (31) 


tear) 0 Sheen: Vib BA epee os ae 
where the three dots placed over the letters of a term indicate 
the sum of three terms obtained by suitable derangement—in 
one case 
dchs le fa, eels dex: 
and in the other, 
auc: +0, Ca. ab: 
Matrix Notation. 
As this eight-rowed determinant can teach us several further 


interesting facts about four-rowed determinants, let us make a 
uatural abbreviation, writing 


COI OR Ay paren) ia Oy ees o 0 Museen of: . 
Pipeiaccty Gh Mes leak — bebe: bho Wulegih Hh 


as short for the above equality. In this last each letter stands for 
a matrix of one column of four elements. This enables us to form 
other possible relations by varying the number of repeated letters. 
Thus from 


Soe le a oeae. . 


a ondee fig Wer ‘4 es 


—a-—-b...fgh 


it follows that 
(abcd) (efgh) + (abde) (cfgh) + (abec) (dfgh) 
= (acde) (bfgh) — (bede) (afgh), . (33) 
or, more succinctly, 


(abed) (efgh) = (acde) (bfgh). . . . (34) 


The five dots placed above letters, indicating determinantal 
permutation as already explained, must, of course, not be con- 
fused with the dots in (32) which stand for zeros. The two uses 
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happen to have arisen quite independently, like the use of 
vertical lines | a;;| to denote a determinant or else a modulus of a 
complex number. It is an interesting study to discover how 
mathematics advances by the bold use of one symbol for two or 
more distinct things, letting the context decide. 

Comparing (32) and (34) a curious rule comes to hight. The 
dots used in the two statements nicely balance each other. 
Letters c, d, e in (32) are dotted in (34). This should facilitate 
the proof of any such identity. 

Examples.—Prove 


(abe) (def) = 0, 
(abed) (efgh) = 0, 
(abed) (efgh) = (abef) (edgh), 
(abed) (efghu) = (abefu) (cdghu). 


9.1 Fundamental Identities of Order 1. 
Let 1+7+h=n, so that 
(A,B,C; 
denotes an n-rowed determinant whose columns are specified by 
Oy:5:05 ox. 4 Oasys Osisre wi Ua ile Comanterner 


in this order. Let 


(DE) F;) 
be another such determimant whose columns are specified by 
dig lai) nite ag gs Og aoe es OSA este te 


We form the determinant of 2” rows 


Ae DAO n TAL) 


Ce Delain ls 
or simply 
AL BiG : 
CDE EN 


meaning exactly the same thing. Now we subtract the upper 
n rows from the lower, as before, so that 


* The rest of this chapter, excepting §12, may be omitted on a first reading. 
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fe alae 4 BO Dee: Bra, 
C200 OB ileal) see: ee ae 7 


DSB Comin wie 
-=BY SAF PF 


on interchanging 7 columns D with 7 columns A. Expanding the 
first and third of these by a Laplace development, as in §8, p. 42, 


2, 
: 2n 
we obtain a sum of fa terms on each side of the identity; but 
many of these terms vanish, because of zero columns. On the 


a h-eay : 
left the surviving terms, ( = in number, may be written 
\ 


(A, B,C;,) (DE; F,). 


On the right the upper row of capitals furnishes the first factor 
and the lower the second factor of a term. Hach second factor 
has exactly 7 negative columns. Hence the expansion 1s 


(= Ne (D; B; C;) (A; E; F,) 
with ( a J ) terms. Equating these results we have the important 


identity 
(A,B; C;) (D, E,F,) = (D; B,C;,) (A; 4; F;,). 6 (I) 


In particular if 7 = 0,7 + k = n, we merely suppress the matrices 
B and E, so that 


(A,0,) (DF) = (0,0) (4,F). + GD) 


with only one term on the right, and (' oF ") terms on the left. 


Once more, from the equalities 


AB Ca) ee NN VAIO D Evil) hie AB G DUE. 
. BC, D, EF, . BCDEF SAS. Se ae 

’ we have on expansion 
Ae uD hi Oe eet iLL) 


These three results, which are of great use in the invariant 
theory, can be summed up in one statement: 

A sum of products of two n-rowed determinants, formed by 
determinantal permutation of p columns of one with q columns 
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of the other, is identically equal to a like sum, a single product, or 
zero, according as p+q<, =, >n. All columns undergoing 
derangement on one side of the identity are collected into one factor 
on the other side, except in the third alternatwe case. 

Letters which are so collected into one factor are said to be 
convolved in that factor. 

This theorem, which collects together results illustrated in 
§8, has only comparatively lately been recognized, although 
its simpler cases! when n = 2, 3, 4, &c., were studied from the 
very outset of the determinant theory. Sylvester was the first 
to establish it as in formula (II), but he did not arrive at the 
other cases (I) and (III). 

A particular case of (Il) when 7 = 1 can be written 


(a, b,b3...5,) (bD)— (a,b, bg...5,;) (bgD) + ... = (6, b2...6,,) (aD) 
by substituting a, for A,, b,b,... 6, for C;., b; for D,, and D for F,. 


This falls in with the Cramer rule of substitutions if werewrite it as 
(a,b); ...6,) (b,D) + (6,4, 63...5,) (6,D) +... 
+ (b, bg... By) (0, D) = (0, 6,...8,)(4D). (IV) 


This last result is closely connected with the easily proved identity 
(V) given later, p. 50, where examples of its use will be found. 


10. Implicit and Explicit Convolution. 


In the above identities certain matrices are unchanged for 
each term. For instance, 4;B,; on the left of (1) remains unper- 
muted while #;F,, is quehanged on both sides of the identity. 
It is useful to cake the following distinction and to say that 
A,B, is explicitly convolved on the left and implicitly convolved ? 
on the right, while #,F,, is explicitly convolved throughout. 
Similarly C;,.D, is ele convolved on the right and implicitly 
on the left. 


1In 1779 Bézout gave several simple cases. Cf. Muir, History of Deter- 
minants, Vol. I, p. 41. 

2 The importance of a word for this implicit convolution has begun to be 
felt elsewhere. Such matrices are ‘‘herausgegriffenen’’. Weitzenbick, Math. 
Annalen, 97 (1927), 794. 

These identities are given in the Trans. Cambridge Phil. Soc. XXI (1909), 
under identity B, p. 209, where incidentally there is an error in the sign, which 
should read (— )Ma- 41 and not (—)*. Identity (IV) was formulated by Sylvester 
in 1839, and (II) in 1851 (Phil. Mag. (4), ii, 142-145). 


Ph] ' GENERAL IDENTITIES 47 


11. General Fundamental Identities of Order 1. 
For the purpose of this present section let us use the notation 


ABE AB= Ross . .1e AGS) 


to mean adjacent n-rowed matrices within a determinant and 
not the ordinary product of matrices. On shifting 7 columns 
of A past B we obtain 


B,A,;= BA (—)" lee . . . . (36) 
In the last section we considered sums of products of two n-rowed 


determinants. We now extend the results to products of p such 
determinants 


(AL), (BM), (CN) ..... 


composed of n-rowed matrices 


AA, i Sra See B= B,, M=M,,_,, Sarees (37) 
where 7, 7, k, . . . are p positive integers each less than n. 
We consider the following determinants A,, A,,..., A, , of 
orders n, 2n,..., pn respectively: 
AB AGL BAG 
NS AL) Ao = 42 BM Age. BM Cpr sa deaernce ent se) 
Ame tree rN 


where each matrix A, B,C,...is repeated, while each L, M, N,... 
occurs once. When expanded as in §8, p. 42 by a Laplace 
development into determinants of order n, these become 


A, = (AL) (BM), A,=(AL)(BM) (CN), ... . (39) 


for again the zero columns prevent such matrices as L, M, N 
from being permuted. Also by row, — row,, row; — rowy, ..- 
n (38) we have 


is ue gels sees, 
Auch 20. Lope 
PRE Se hk oe penn ae , (40) 
Ae Bee cON, eeu ehal,. €ocraN 


&e. 
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Again expanding by a Laplace development A, leads to results 
§9, (I), (I), (III), p. 45, already given, while A;, A,... give 
analogous identities which may be stated as follows: 

(i) Lei tjpert a=) Sh aasend Lil, a 
by partitioning the n —i columns of L,_; into its first |, next 


k, ..., and last h columns. Then 
(AI) (BMD (CN) a2 = (ABC = LOLs) ey 
(ii) Let i-+j+k+...=n, and L,_,=L,' Ly” ..., then 
(AL) (BMY (CN). (ABO My (LA NY 
(iii) Let it j+k+...>n, then 
(AL) (BM) (CN) = 0) eee enc) 


The only difficulty here is to settle the sign on the right hand 
of (I) and (II). The case of A, for (I) suffices to justify the result. 
Writing LD = LL’ LT’, and interchanging the first 7 columns L’” 
of Z with the 7 columns of B, and the & columns L’” with C, 
we have 


AUB OEM yal Semele 
iN, iO ae es ene ea ae 
: peek JBM 2 JRE ; eat We N 


Expanding and shifting all negative signs out of the factor 
determinants we have 


A= (—)¥4?* (ABCL’) (L!'M) (LN). 


Similarly for A,,..., A,. 

We can now enunciate these results in the following state- 
ment: 

A sum of products of p determinants each with n rows, formed 
by determinantal permutation of 1 columns of the first, | columns 
of the next, and so on, is identically equal to a sum of such pro- 
ducts, a single product, or zero, according as i+ j+...<, 
=, >n. All columns undergoing derangement on one side of 
the rdentity are convolved in one factor on the other side, except 
in the third alternative case. 

Corollary I.—/f each of i, j,...%s unity, the corresponding 
series on the left of the identity can be written as a p-rowed 
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compound determinant, namely one whose elements are deter- 
minants. 

Thus, replacing A, B, C by a, 6, c, and L, M, N by 2, p, v 
we have 


Foe is (aA) (BA) (cA) 
(aA) (De) (cv) = | (ae) (Bu) (ee) 
(av) (bv) (cr) 


where A, , v have currency n —- 1. 

It is useful to use Greek letters for these very important 
matrices involving » — 1 columns. 

Corollary I1— Jf L, M, N.... have certain columns in common, 
these columns do not undergo derangement. For the consequent 
terms would all be zero. 

Corollary III.—Lach identity for n-rowed determinants can 
be extended to n+ m-rowed determinants, simply by affixing a 
common matrix © of currency m to each of L, M,N ..., and 
considering all matrices to have n +- m rows. 

This is the principle of extensionals. Incidental examples have 
already been given (§8, (29), p. 42). 

Proof—Let (AL) (BM) = (ABL’) (LM), L= LL’, be 
identity (I) for n-rowed determinants. Also let 


(AL@) (BMO) 


denote a product of two »-+ m-rowed determinants, where 
A, L, B, M have received m new rows and © has n + m rows 


and m columns. On permuting A, B in this we have an identity 
(AL@) (BMO) = X(AB...)(... MO). 


If a column of the © from the first factor is displaced, the con- 
sequent term vanishes by corollary I]. Thus ZL alone is deranged 
and , 


(AL@) (BM@) = (ABL'O) (L’M@). 


Corollary IV.— Each fundamental identity remains an identity 
after any further determinantal permutation has been applied to 
columns of M, N... and other arbitrary columns, excluding 
those of A, B, C,..., L’, L”, L’”’, ... which are already implicitly 
convolved. 

(D 884 ) 5 
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For if the new operation has ¢ terms, the fundamental identity 
is true for each such derangement, so that the sum of these ¢ 
identities is still an identity. 


Example.—Since (all’) (bmm’) = (abl’) (imm’) we infer that 
(all’) (bm m’) (nX) — (all’) (bmn) (m’X) 
— (abl’) (Imm’) (nX) — (abl’) (mn) (m’X), 


where a new operation m’, n of two terms takes effect. 


12. Linear Relation between n+ | Linear Forms. 


The identity (IV) (p. 46) can also be proved as follows: 
We form a vanishing determinant of order n+ 1 from n 
arbitrary rows followed by 


TOW, +1 —= XL, TOW, + L_ TOW, +... + 2%, TOW, 
Thus 
Dy Oy bg, we Oa 
—— 5) 
Din O, bs, i OF. Ay 
bi, Do» bs, OF Ay 
where = b;,%, + bo % + S60 + Deceoe 


Expanding this by the last row, we have 


(0305 ...% 04,04) Dj, — (bbs 080,05) Oo, ee 
(==) (O05. 2 "0, ) Gy 0. CY) 


If in particular #,, v,..., x, are the n determinants of the matrix 
D, which consists of n — 1 columns, the result reverts to (IV). 
Since the elements a, b, x are all arbitrary, identity (V) gives the 
important information formally proved in Chapter V, §1, that 

Any n+ 1 homogeneous linear forms in n variables are neces- 
sarily linearly related. 

For b,,,..., @, are such forms, and (V) is such a linear rela- 
tion, provided not all the determinants appearing in (V) vanish. 


EXAMPLES 
1. Prove by this method if n = 2, 
(bc) dy + (ca) by + (ab) cx = 0, 
(be) (ad) + (ca) (bd) +- (ab) (cd) = 0. 
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GY Jb sh, 
(bcd) ay + (cad) by 4- (abd) cx = (abc) dz, 
(bed) (aef) + (cad) (bef) + (abd) (cef ) = (abe) (def ). 


3. Examine the identity (IV) when D is a unit matrix prolonged by 
ZeLOs: as 


AmProve tf (4 lkeono. 
(bed) a; +- (cad) bj + (abd) ¢; = (abe) dj, 
and generalize this result. 


5. Prove as a special case of the Sylvester identity (IT), 
(abe) (cd) 2 = (abed) (ef ),o. (abef) (cd);j = (abed) (ef )i3: 


6. (abpqr) (cd),. = (abedr) (pq) 10 
(abpqr) (cd); = (abedr) (pq)i}- 


13. Principle of Duality. 


There is still something more to be learnt from these funda- 
mental identities. The identity (I) arising from a product of p 
n-rowed determinants may in fact be looked on as the result of 
alternative Laplace expansions of the pn-rowed determinant A,,. 
But, as already remarked, this A, gives rise to p + | equivalent 
expansions, according as we expand A, directly, or after sub- 


tracting its first, second ... or pth matrix layer from all the 
p — 1 remaining layers. Thus if p= 3,71+7+kh <n, we take 
LES Cad sie ee 6: 


nets ie a 
AS ee Boey, Dw OMEN: 
where the currencies of the six symbols in order are 


1,2—1%, 9, n—J9, k, n—k. 
Hence by shifting columns to bring ABC before LMN, we have 


Ag Bb aCL 
Nee eS eet al ag Amey Cue Vie eel (41) 
Aue Bh Ta Mite, LN 
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Writing ¢, to denote this power of negative signs, and R for 
ABO of currency 1+ 7 + k=n— h, we have 


For 
Nye | te ee ee ee) 
|R N 
and in general 
tee aoe ¥ ee 
Ay = €p : i N (43) 


As in §7, p. 39, we may, but for sign, transform A, so as to 
bring any letter L, M, N, repeated p times over into the first 
column, with the other p single letters, including R, in any order 
diagonally. For this reason we write A, as 


(Rh Vp jcah My Nee bi ‘)> Seidel. (44) 


or shortly (RLMN ...). It can then be shown that the inversion 
law of these symbols vs exactly the same as for the n-rowed deter- 
minant 


(H, A,B,C,...) = (BABC...), 


regarded as an expression in the p+ 1 matrices of n rows, 
HE, A, B, C,..., of currency indicated by the suffixes. 
Manifestly 


(EA; B,C, . eC i)= (—)* (A; L,BC;.. 2: : (45) 
and correlatively it will shortly be proved that 
(REMN 5.) = ()"\(LRAN ey, ee 146) 


Sometimes we need to partition one of these matrices, and 
therefore require a more explicit notation, namely, a full stop 
between the several matrices. Thus if R= ABO, 


A, = (RLMN) = (ABC.LMN), ee cenZe) 
which is also written with a vertical line instead of a stop, 
(ABC | LMN). 
On reference to (II) we have by expansion 


(ABC | LMN)=(AL)(BM)(CN). . . (48) 
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The currency suffixes are suppressed only when all the matrices 
have expressly been defined. Otherwise they are necessary. 

When several matrices in (REMN ...) are not denoted by 
single letters, the full stops between are essential. Thus if 
a, b,¢,... are all of unit currency, denoting columns of four-rowed 
determinants we might have 

(ab . ede. fgh) = (acde) (bfgh) 
= (acde) (bfgh) — (bede) (afgh), —. (49) 

or again 


(aa'a’’ . bb'b! . ce’c"’ . dd’d’’) = (abb’b”’) (a'ce'e’’) (al’dd’d’). (50) 


Proof of the Law of Transposition. 


A reference to the original definition of A), A3,..., A, shows 
that it is enough to prove the law for adjacent transposition of 
R, Land of L, M. 

Taking the L, M case first and using A, for brevity, we have 


A, = (RLMN) = (ABC | LMN) 
= (AL) (BM) (CN) 
(BMV (CAIV(CN) 2 (51) 


by the commutative law of ordinary multiplication applied to 
each term of this series. This yields 


A; = (BAC| MIN). 
But by (45) the interchange of AB induces 1 changes of sign 


in R. Hence 
A; = (RLMN) = (—)" (RMLN). OL) 


Next, for the transposition of R, L we have 
A, = (AL) (BM) (ON) = (ABCL’) (LM) (LN) 


by the fundamental identity (I), when L= L’L’"L’. Here the 
currency of L’ is h (=n—i—Jj—k), to give nm columns for 
the first factor. Hence by shifting columns 
A, = (—)M"—")(L'ABC) (LM) (L’"N) 
== (LL Et | RMN). 
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Again, shifting the h columns L’ past the 7-+ & columns L”, 
L'’’, we have 


As = (er PR Ce ee. | RMN) 
= (—)*(ZRMN) 
by simplifying the sign index. For A,, this index is 
h(n—h)+h(g+k-+...) 
=h(n—h)+h(n— h—17) = ki(mod 2), 


leading to the same result. This proves the law. 

Definition of Formal Duality:—Zwo n-rowed matrices of cur- 
rency h and n —)h respectively are formal duals of each other for 
the field of order n. 

Formal duality is a relation between numbers of columns: 
the elements therem may be quite arbitrary. 

In the above investigation A is formal dual of Z, B of M, 
&ec., and conversely. We extend the definition to include the 
determinants given in (45) and (46) as formal duals of each 
other, and accordingly sum this up with a more symmetrical 
notation as follows: 


Let n be partitioned into p+ 1 positive integers 7, 4s, 


Nees yet 
Wet... +1 =, 

so that 

(Nh — 1,) a= (0 ie aria ae (0 ay een 
Let A, B,...,K be (p+ 1) matrices of n rows, of currencies 
Oe oon _ respectively, and. As ING no ,Q be (p+ 1) such 
matrices of currencies nm — 7,, %—%,,.... Then the n-rowed 
determinant 


(ABE .<... 1) 
is formal dual of the np-rowed determinant 


(LMN ...Q). 


More expressly with currency suffixes inserted, these dual deter- 
minants are 


(4;, B,, K dot. ); Cee Urea ot Qacas): 


It is also convenient to have a term to describe what is in 
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fact the really important thing about these determinants, the 
relation between their currencies. 


Definition of Characteristic.—The sets of integers 
[tgp top en an Beers a, Was lesa ne py | 


are the characteristics of the respective determinants. 

For example, in results (49) and (50) the characteristics of 
the left-hand members are (233) and (3333) respectively. Since 
they are concerned with the field of order 4, their formal duals 
are (211) and (1111). 

These examples, as illustrations of the more general 


(ABC | LMN) = (AL) (BM) (CN) 


are extremely useful. Taken in conjunction with the funda- 
mental identities, and especially (I), they readily lead to many 
elegant results, particularly when special values are given to 
the matrices as in the following examples of compound deter- 
minants, which illustrate the characteristic (n — 1,n—1,..., 
n — 1), dual of (11... 1), (cf. §11, Corollary I, p. 48). 

Historical Note.—The chief properties of such compounds 
which have been recorded by Cauchy (1812), Bazin (1854), Syl- 
vester (1841), Whittaker (1915) are still comparatively unknown. 
Perhaps this is due, especially in the far-reaching cases given by 
Sylvester, to the rather cumbrous notation originally adopted. 
It is hoped that the present notation will help the reader to grasp 
the principles underlying these theorems. 


Murr: History of Determinants, Vol. 1; Vol. IL especially pp. 58-62, 108. 
WurrrtakeEr: Proc. Edinburgh Math. Soc., 86 (1918), 107-115. 
TurNBULL: Proc. London Math. Soc., 2, 22 (1923), 503-507. 

Frerrar: Proc. London Math. Soc., 2, 28 (1924). 


EXAMPLES 
ie Erove 
Gey We ht 
(ey (Oo. Up 0 = 
Pater act al ha (bl) (am) — (al) (bm). 
dy by ~. Mz 


2. If each letter denotes a column in a three-rowed determinant, write 
out in full the identity (awpq)(brs) (ctu) = (abc) (prs) qtu). Prove 


(abe) (bea) (cab) = (abe)? 


56 LINEAR PROPERTIES [Cuap III. 


3. Ifa= p¢, B=7s, y=, prove 
(xBy) = (prs) (qtw) — (ars) (plu) 
= — (rpq) (ste) + (spq) (rtw). 


4, Let A = (abc .def.ghk.lmn) denote the formal dual of the four- 
rowed determinant (ayzt), each letter representing a column of four 
elements. Prove 


A = (adef) (bghk) (clmn), =— (dabe) (eghk) (flmn). 
5.¥ Prove 


(abc . bep . cgr . stu) = (abcp)(beqr)(estu). 


6. Generalize result 5 for a product of n— 1 determinants expressed 
as a compound determinant. 


te 


‘ (ayz) (bzw) (cay) = (abc) (xyz)?. 


(ayzt) (xbzt) (wyct) (xyzd) = (abed) (xyzt)?. 
9. Generalize 8. This is Bazin’s Theorem (cf. V, p. 108). 


10. If [ab..] is the unit matrix, state the results 7 and 8. 


Ans. Cauchy’s theorem on the adjugate, §7, p. 67. 
Es 


(ayz0) (bz2x0) (cary) = (abe) (ayz0)2. 
12° 
(ay2t0) (xbzt0) (xyct®) (ayzd0) = (abced0) (ayzt0)3. 


18. Generalize 12. This is Sylvester's Theorem. It is the extensional 
of Bazin’s Theorem. 


14. 


(bed . acd . xyt . xyz) = — (abcd) (cxyt) (dxyz). 
15. 


(bede . acde . abde . zyxu . xyzt) = — (abcde)?* (daxyzu) (exyzt). 
16. The generalization of 14 and 15 is Whittaker’s Theorem. 


CHAPTER IV 
MULTIPLICATION OF MATRICES AND DETERMINANTS 


1. Fundamental Laws of Algebra. 


We now come to the crucial distinction between matrices and 
ordinary numbers: they do not obey the same law of multipli- 
cation. To gain a clear picture of what is here involved we must 
first recall the four fundamental laws of algebra, on which the 
whole superstructure is based. These are: 


I. The associative law; 
Il. The distributive law; 
III. The commutative law; 

IV. The division law. 


The first three lead to six primitive facts concerning ordinary 
addition and multiplication of ordinary numbers: 


TQ) (a+6)+c=a+(b+oc), (i) (ax b) x c=ax (bxo), 


II G) ax (6+0)=axb+axc, (i) (a+b)x c=axct+bxe, 
Ill Gi)at+b=b-+a, (isa x b= 6 X a. 


The first pair render the use of brackets unnecessary for con- 
tinued sums a+ b+ c¢, and products abe. The fourth law runs 
as follows: 


Vert 2b 0, then euhers = 0 or b= 0. 
As Holder! has shown, any algebraic identity concerned with 
real or complex numbers can be deduced from the above laws 
I, I, II. For instance, 
(a+ y\(a— y) = — ¥? 
is true, but could not be proved merely by the use of the first 
five: it also requires the law xy= yz. On the other hand 


1 Gottinger Nachrichten, 2 (1889), p. 34. 
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(x + y)(a+ b) = za + ya+ xb+ yb does not need the com- 
mutative law. Now this sixth law is by far the most interesting 
of them all. There can be little doubt that whoever first discovered 
it, was led thereto by the orderly arrangement of a things in 
each of b rows or of b things in each of a rows. 


Again, these first six laws are not entirely independents for IT (11) 
can be deduced from the others with the help of III (ii), as the 
reader can quickly prove. But curiously enough the reverse is 
not the case. The exclusion of the law a x b= 6 x a actually 
renders the two distributive laws independent. 

These laws hold of other classes of things besides numbers 
a, b, c and other operations besides addition (+) and multipli- 
cation (x). Also some but not all of the laws hold of still more 
things and operations. For example, similar laws operate in an 
English sentence. The preceding sentence can be regarded as 
the sum of nine words, or of forty-seven letters, addition having 
its ordinary meaning. But if we define multiplication to mean 
the building of a sentence by putting words into their proper 
order, then such multiplication does not obey the commutative 
law. The sentences Brutus stabbed Ceasar, and Cesar stabbed 
Brutus mean entirely different things. On the other band the 
Latin translation of one of these sentences would obey the 
commutative law. 

About ninety years ago two great pioneers in higher algebra, 
Hamilton and Grassmann ?, initiated schemes of algebra in 
which the symbols a, b, c did not obey the commutative law of 
multiplication, although they satisfied the other five I, IT, III (i). 
The accumulated experience of intervening years has amply justi- 
fied these daring departures from the traditional. rule, for it 
shows conclusively that between the first five laws and the other 
two there is a profound cleavage. In other words, many algebraic 
theorems can be proved without recourse to the commutative 
law of multiplication, thereby opening for algebra entirely new 


1 Dublin Transact., 17 (1837), 393. Lectures on Quaternions (1853). 
2 Ausdehnungslehre: Collected Papers, Vol. I (2). 
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fields, including matrices, vectors, and those latest adumbrations 
im physics, g-numbers, for the more obvious annexations. 


In terms of the first three laws I-III let us speak of 


Linear Associative Algebra, 
subdivided into 


A. Commutative. B. Non-commutative. 


Ordinary (scalar) algebra is of type A: that of Hamilton, Grass- 
mann, and the algebra of matrices is type B. In type B, law 
III (ii) breaks down. Were it not to break down there would 
be no raison @étre of a matrix theory; for every theorem of 
ordinary algebra would automatically hold for matrices, vectors 
and the lke. 

Nevertheless it 1s a singular fact that the matrix whose very 
pattern forces on the eye the propriety of the commutative law 
should be among the first triumphantly to break it! 


2. The Law of Multiplication of Matrices. 


This law, which Cayley invented and his successors have 
approved, takes its rise in the theory of linear transformations. 
Let us consider a simple case with two variables, before and after 
transformation. If 


T= I+ OY, Y= Pra Poe 
y= Oy) + O53 Yo, Yo= Hat 2% 
we have what is called a system of two linear equations trans- 


forming 2%, % to y,, Y, and again two equations transforming 
Y15 Yo tO 2%, 2. We write 


x=[%) a=[%%] r=[4], 2-[ *), 2=[*1) 
Us Ay dy Y2 Nm WB 29 


A and B are called the matrices of the respective transformations: 
X, Y, Zare the matrices of the variables. The two transformations 
are sometimes written as 


BD RN Brea 
But by eliminating y,, y, we have at once 


Ly = (4, py + 0, q,)% + (Gy Po + F192) 20 
Ly = (Ag Py + b2qy)% + (Ga Po + 5292)2o5°-- 
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which is manifestly a linear transformation from , x, direct to 
Z, 2. If C denote its coefficient matrix, then 


C= has + b)%, %P2-+ onl 
Aa), + O29), A2P2t 5292 


Here we have the suggestion of a product of matrices. In fact C 
is defined to be the product of A and B, namely 


ie [a | y Re de lsat by%> 4 P2+ pita 
ly Dy Gide My Py + O24, I P2+ O24. 
In‘short-A" B= ABC. 


Thus the product of matrices is based on that of linear trans- 
formations, and we might, for example, indicate this by 


(Xi) ire 2) a ae 2); 


meaning, the transformation from X to Y followed by that from 
Y to Z produces the. direct transformation from X to Z. And 
there is no harm even in speaking of the transformation A, mean- 
ing that from X to Y whose coefficient matrix is A. 

Now it is at once apparent from the definition that the pro- 
duct BA in general means something different from AB. Thus 


BAS is ia is n| is bee + AyD, 6, + hae 6) 
mM IW Ag dy Oy + My Yo, Oy 1 + O8 Ye 


which is only equal to AB if all four corresponding elements 
in D equal, those.im C:) @g...4, py + 01g, = G, py +-1Gs po. 
Obviously this is not true in general since the eight elements 
a,-.- Gg are arbitrary numbers. 

Next, we extend this definition to include other than square 
matrices, by analogy from the case 


i a ki | ck BS + b,Y2, : 
dy D2} Ly, 9 AY + boYo, 0 
We define 
SARs be a B ue hes aa ae ss | ye 
dy bo} LYp AY + b2Yo Lo, 


Hence the formula X = AY literally represents the linear trans. 
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formation of a column of variables x, % to that of y,, yy. Simi- 


larly 
Y= pZiegk—— OL, X=—(AB)Z,.. X = A(BZ): 


This last suggests that for any conformable square matrices the 
associative law holds, which is in fact the case; namely 


P(QR) = (PQ)R 
which will be proved in §4, p. 63. 


EXAMPLES 


le thy A= atl ae O= ‘ , and A, B, C are arbitrary square 
matrices of four elements ts A ee 
(1) tA AN Ae 
(ii re AO = 0, 
(iii) A(B+ C)= AB+ AC, 
(iv) (A+ B) C= AB+ BC. 
2. If x, y are scalar numbers, A (al) = «AI = «A. Also A(xB) = (xA)L, 
LAUD = YrA Bs. 
3. Product of Square Matrices of Order n 


The general case is now straightforward. Let A, B be two 
such matrices of order n, 


GHD aes Pr Po +--+ Pn 
A = . . es 5 5 A | ; B a val qo a ees Gn 
ay b,, swe IY, Sa tre ile AI, id | 
| , Uk Cee ell 


Let the ith row of A be denoted by 7, 7,...,7, and the jth 
column of B by G, ¢,...,¢,. We form a new matrix C by 


Cc 


weaving this 2th row of A into the jth column of B by the follow- 
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ing rule which defines what is called the inner product (r | c) of 
these two sets of n elements 


(750) = 1,0, I PaO ae eee inca 
This sum is taken for the (7, 7)th element of C; and by choosing 
all values 1, 2, ..., for 7 and for 7 we completely determine 
the n? elements of C. Evidently this rule includes the case 
already cited when n = 2. Also the notation (7| ¢) is entirely in 
agreement with that of §13 (48), p. 52, as will be apparent later 
in Chap. V, p. 81. 
This notation (r|c), sometimes written r,, for the inner pro- 
duct is admirable for exhibiting the product of two matrices. 
For instance, 


Ee eee Bei 5 (a|p) (a\q) (ar) 
by 3 x C To A = c | p) (0 | q) (b | i 5 
Cy Ge Gs Pa Ia ars (c|p) (elq) (el7) 


Product of Rectangular Matrices. 


The definition may easily be extended to the product of 
rectangular matrices. It is only necessary for the fore and after 
factors to have an equal length of row and column respectively. 
Thus for a length of three terms 


[a aa) oe cle) (ola) 
bee beds P2072 ee ayaa 
P3 I 


and the extreme instance is the single row with the single column 


Cy | 

; ¢ 

pe ae oe 7 | =e... +0, (r[e). 
Cy | 
EXAMPLES 

il 


asks ih Oy, 2 
} yl | sé E J |. 
—] 0 2 al 


2, Reverse the order in the above. 
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—l1—-l1l 
LS), OY 
8. Form the square and the cube of the matrix A=: | : 1 ; 
—] 
Ans. A? is the wnit matrix (§8). 
4. Prove that if {m, 7} denote an m x 7 matrix, {m, r' x {r,n' = \m ni. 
5. If X denote a column of n variables 2, x, ..., %, and if Y, Z have 


similar meanings for yj, z;, generalize the results of linear transformation 


already given when n= 2. Namely, X = AY, Y= BZ, X = CZ = ABZ. 


4. Double Suffix Notation of Multiplication. 


It is here that the double suffix notation also is very useful. 
Tet 
A=[a;;|, B=[b,], 


be two square matrices of order n, so that a;, is the element in 
the 2th row and jth column. Then the inner product of the 
ith row of A and kth column of Bis ¢,, if 


Cin = jy Oy, + Aig Oa, +. Gy, 


= 2 ayy Bix 
) 


= (a,| By). 
Thus if C= AB, then 


Ci is, Or (Or t0,), PA SPS) 


The notation lends itself to continued products. So we should 
have 
Ly = WD 5; Dip Cy 
Nae hag 


in the case when 


Sea HUGE hd eee ge Ae) 


It will be seen that the suffixes on the right are linked in 
pairs, with unpaired end suffixes 7, / answering to those of wv, 
on the left. The double series has n? terms; and since we obtain 
exactly the same result whether we sum for & first and for 7 next, 
or vice versa, we are justified in dropping the brackets in A(BC) 
and (4B)C. They mean the same thing. 
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5. The Division Law. 


The law IV (p. 57), that if vy = 0 then either x or y must 
be zero does not hold for matrices. For example, let 


pe k a pe i b at 
0 0 —a —a 
oi pee B 4 | b "] = k 4 Ze 
“06 —a —a MY © ‘ 


Yet neither factor A nor B is the zero or null matrix. Consequently 
this law fails for A and B. 

At the same time the law holds for certain matrices; for 
instance, if the determinant | B| were non-zero it could be proved 
that 4B = 0 only if 4 — 0: 

The reason why this is called the division law rests on the fact 
that it defines a unique process converse to multiplication. For 
suppose AB= C and AD=C are two instances of multipli- 
cation in linear associative algebra which give the same product 
C. Then A(B— D)= AB— AD=C—C=0; so that if 
A=+0 the law shows that B—D=0O or B=D. Hence 
there is only one possible factor following a given A in a product 
AB which can produce a given C. 

In this case A is called the left or fore factor and B the right 
or after factor of C. Looking at the same relation conversely we 
consider B to be the quotient when C is divided by A; more 
precisely, B is the quotient of left or fore division of C by A. 

Similarly, if both AB = C, EB = C it follows from the same 
law that A = #. Hence there is only one factor A preceding a 
given B in a product AB which can produce a given C. So con- 
versely A is the quotient of right or after division of C by B. 

To sum up, there are in the case where AB, BA are not 
necessarily equal, two sorts of multiplication—fore and after 
multiplication, and two analogous sorts of division. But these 
last require the division law to hold. Algebra for which this law 
is true is called division algebra. 


then 


1The reader who wishes to study this very important law should consult 
Dickson, Linear Algebras (Cambridge, 1914), particularly the theorem of p. 10, 
due to Frobenius, Crelle, 84 (1878), p. 59; also Dickson, Algebras and their 
Arithmetics (Chicago, 1923) and the revised and German edition, Algebren und 
thre Zahlentheorie (Ziirich, 1927). 
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EXAMPLES 


1, A matrix product with the zero matrix for factor is zero. 
[Note that two proofs are necessary, for left and right factor. ] 


2. If ad + be, xt + yz, then the product [! A i Al cannot be zero. 


8. The first five laws always hold and the sixth sometimes holds for 
matrices. 


: ee ele a 4 —2 Aah ee 
Consider A = ks A IK Seagal AB = BA = — 2/. 


We consider this sixth law further in $§8 and 9 below. 
6. Products of Determinants. 


The product of two determinants each of order n is itself a deter- 
minant of the same order. 


Consider, for example, the product of (abc) (aBy). It can be 
written as a six-rowed determinant: 


GeO Gs .—l1 : 
Aa|% bs MGs ‘ AP | , 
OE nie eS 

By Bs Bs 

YR GE 


since the (;) Laplace development contains only the one 


2 
oO 
term 


(abe) (a By). 
Replace in A rows four, five, and six by the following equivalents: 
row, + a, row, + a, row, + ag rows, 


row; + B, row, + B, row, + Bs rows, 


TOWg + yz TOW, + Yq TOWg + y3 TOW. 


Hence A = 
ay by Cy —l ‘ 
Ay by Cy ee 
as bs Cz . pel 


Ay +A2%g+A3%3 0,4 +by%g+b3%3 C1 % + Cz%y Cg hy 
4,8,+42B2+4,83 6181 +b282+6383 C1 1+ ¢2B2+¢3 Be 


M11 +42 Y2 +43 Ys bi Yit+b2YotbsY3 1 Yi tC2Y2+¢3¥s : : 
(D 884) 6 
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Again expand by the (5) development and we obtain 


G0; & Ay, Ae Oy =e a tara Oran (ela) 
Qn by Go| X | By Bohs|=(—)®| - —1 -| |(@|,8) Gl) (c| B) 
dis bs C3 V1 2 ¥3 Poe (a| y) (b| ) (cl y) 


The final determinant is called the product by columns and rows. 
It is often written with a, replacing the notation (a| a) for 
La;a;, which gives the following product by rows and columns: 


u~*o 


Gt aes 
(aBy) (abc) = |ag bg Cg | - AER EO 
@, 0) 26; 


Corollary.—The product rule of matrices agrees with that 
of determinants. Thus if 


AB=C, then | A| |B| = | C|. 


The converse is not true; for owing to the great variety of patterns 
of the same determinant 


N= SEE Gon se ee 


made by interchanging rows and columns without disturbing 
the actual contents of a row or column, there are many equivalent 
product determinants. This is by no means true of matrices. 
Herein is the manifest difference between matrices and deter- 
minants, as interchange of rows and columns gives a different 
multiplication rule valid for determinants but not for matrices. 
But undoubtedly the rule as given in (3), of weaving columns 
into rows, thus forming all possible inner products of a row of 
the first factor and a column of the second factor, is the best to 
store in the memory. But occasionally it is useful to multiply 
rows by rows, or columns by columns. 


7. Reciprocal and Adjugate Determinants. 


Let us now use capital letters to denote co-factors of elements 


in a determinant 
= | CpOncrmemrine ls 


so that 


— sal | | = 
A=4a,4,+4,4,+...+4,4,=4, 


in the notation for an inner product just explained. 
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Since | b, b,¢3...m,,| has two equal columns, it vanishes. 
Thus 
0=b,4,+56,4,+...+5),A,, 
which may be written be S10) 


In general Po=0 pp=A, 


for exactly the same reasons. Correlatively we have 


A=a,4,+6,B,+...+m,M,, 


which we typify by 1,, and 
0=a,4,+6,B,+...+mM,, 


which we typify by 2,. So in general 
y=0. 229 
dN al Pe en 


Definition. — The determinant 


LA Do laa 
Ra eee Coens Me 
yi EE hatte orate 


WL “nN 


is called the adjugate of A. Its elements are the co-factors of the 
corresponding elements of A. 
Since by multiplication 


NM © © 0 
a, 6, m, | 
oe pew By Oe 0 
a ia BOTA 0 A” 
| Ay, Oe ehiewie Myr 0 ‘ ‘ 5 ; 
it follows that provided A = 0, 
K — Avo 


a very beautiful property, due to Cauchy." 
Definition The determinant whose elements are those of the 
adjugate each divided by A is the reciprocal of A. 


1 Journal de V Ecole Polytechnique, 17 (1815), 82. 
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: x 1 
It can be written as A~! or Xv since 


A, B, 

A RACE en |. eB ee 1 
A, B, = AT Ay Baa re 
hock i 


We have multiplied each row of the determinant by A, at 
the same time dividing the result by A". This is an example 
where the matrix theory would differ. Thus by matrix definition 


Habe de 

on ae Hehe 
ae Kes YEW ae tae) 
A . . . - . 


ei Heese 
where A~! is now the factor instead of A~”. 


8. The Index Law and the Reversal Law of a Matrix. 


There is no ambiguity in writing A? for the product of a 
square matrix A with itself. It follows by the associative law 
that if 7 is a positive integer, A” is a useful abbreviation for the 
continued product of 7 equal matrices A. Further, as in ordin- 
ary algebra, the index law 


A’ A’ = A" 


will hold for all positive integral values of 7 and s. And, if 
| 4|=+0, we may allow r, s to be any integers, zero and 
negative included, by adding the following two definitions, for 
the wut matrix and the reciprocal matriz. 

Definition of Unit Matrix—The square matrix whose leading 
diagonal elements are each unity, all other elements being zero, is 
called the unit matria. 

Definition of Reciprocal Matrix.—The square matrix [a,;| 
whose (1, })th element is the co-factor of a, in the determinant | aj; |, 
divided by the determinant itself, is called the reciprocal of the 
matrix [aj]. 
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The reasons for these definitions are simple, for they are 
analogous to those of elementary algebra. Thus, if J is the unit 
matrix and M is a square matrix of the same order n, then, 
taking n = 3, 


iW er ie a, —>, ¢ 
Pee\ 2. ol | ,» Ue | bs :| DPA ges (4) 
ier ds. ba Cs 


whence by actual multiplication 
yy Ms, 


so that the unit matrix as a factor leaves another matrix un- 
changed. Indeed the unit matrix is seen to be commutative with 
another matrix. 

Also if N is the reciprocal of M, then by definition 


A, A, A, 
AK x | 

v=|% By Bs) 5) 
Dn A 


a a | 
2 Nok aK 


where A, is co-factor of a, inA, the determinant of M. Thus by 
actual multiplication — 


pens 
elite Eats (6) 
ie | 


Similarly MN = J. Thus @ matrix is commutative with ats 
reciprocal, and if we define M~! to mean the reciprocal of M 
we have the result 


ie 1 eit fa eT) 


This allows us to use the notation M@~" to mean indifferently the 
rth power of the reciprocal of M or the reciprocal of the rth power 
of M. Also, provided | M | + 0, we have M° = I. 

As examples of this index law the reader should prove the 
following results, noticing the curious feature which emerges— 
one of great importance in all non-commutative algebra -that 
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the inverse or reciprocal of a product of factors reverses the order 
of the factors. 
(AB) i= Baa | 
(ABC hs I) Se ee ae eee eae a) 
(ASB 4 == BA. 


Further, the same reversal is true of the operation of transposing a 
matrix, which is denoted by an accent. 


(A BY BY ee emat ee eee) 


Lastly, the operations of inversion and transposition are com- 
mutate: 

(AY) ss (Ae eee eee een) 
Singular Matrices. 


When | A| vanishes, the matrix A is said to be singular. 
It has no reciprocal, although there still exists the matrix of 
elements [a),] where a, is the co-factor of a, in | A|, which has 
certain properties analogous to those of a reciprocal matrix. 
This is called the adjugate matrix. 
It is easy to adapt the result (6). Thus the product of A 
and its adjugate gives 
peau : 
Ala,,)= |." °|A | ae eee) 
| 4| 


This is also true for nm rows and columns. In particular the pro- 
duct of a singular matrix and its adjugate is the zero matrix. 

Here is an example where the division law fails: neither 
factor need necessarily be zero. 


9. Summary of Laws of Matrices. 


We conclude this chapter by summarizing our results, for 
we now hold all the fundamental laws of matrix algebra. First 
there are three fundamental operations, 

Addition, 
Multiplication, 
Transposition, 


this last being new, for it does not occur in ordinary algebra. 
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Denoting transposition by an accent, the laws which govern 
matrices are 
(A> By C= AL (BC) AxBxC=A «k(Bx 0) 
Ax (B+ C)= AB+ AC (A+ B) x C= AC+ BO 
A+ B=B+A 
(A+ BY =A'4+B, (AY=A, (AB/=BA’, 
A et=o4r (45) ie Bets, 
(A721) = (A471, 


The commutative law of multiplication fails in general, but 
holds at any rate in certain cases, namely 

AX and XA are equal when X is zero, the wnit matrix, a power 
of A, or a scalar matriz. 


The scalar matrix J ae | 
p ; 


‘ tate EST: 
Eames 
is a device for expressing an ordinary number p as a matrix. 
In this way, ordinary algebra can be thought of as a particular 
case of matrix algebra—when all matrices involved are unit 
matrices all of the same order. Thus, for instance, p? — q? 
=(p+q) (p—q) in matrix algebra would be P?— Q? = 
(PZ OP —Q) where -P—=pl, Q=— ql. Also pA=plA= 
A(pl) = Ap, a result which incorporates and extends scalar 
multiplication as defined on p. 34. 
In the following examples capital letters mean matrices of 
order n, small letters mean ordinary numbers. 


EXAMPLES 
1. Why is A? — B? = (A + B)(A — B) in general? 
2. Prove A? — J?= (A+ 1)(A—J)=(A—J)(A+ 2). 
8. 4?— (A+ w)At+ aul = (A—al(4— vil). 
4. If A, B are two-rowed matrices, and B commutes with A then 
B=jA+ vl. 


5. If f(A) = py AY + p, AI-1+...+ pA’-t*+...+ onl, where 
Por +++) Pn are scalar and q is a positive integer, prove f(A) is a matrix of 
order » which commutes with A. 
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6. If g(A) is another such polynomial, prove that {g(A)}—? is ae 
such matrix which conforms with A, provided the determinant | g(A) | 
does not vanish. 


. Prove f(A 


— ambiguous, er 
B 


A))-1 = (g(A))—! x f(A). Why is the notation 


not so? 


x (gf 
f(A) 

g(A) 
8. If |B | + 0, and AB = BA, prove that AB—} = B-1A. 


a 
—tan — 


QelieA : 2! prove I+A _ [cose | 
a ton I sina cosa 
an 


2 


10. Any two rational functions o(A), (A) of a single matrix A com- 
mute with one another, and hence they only differ in behaviour from 
scalar numbers in failing to obey the division law. 


11. Prove (I — AB) A(I + BA) = (I + AB)A(I— BA). 


0 c—b a* ab ac 
12. Prove the product | Cuma) “| [on b te | is Zero. 
b—a 0 CCM OCmaeC2 


13. If AB = 0 it does not follow that BA = 0. 


Bale se aera 


14. If X= [aj], A= [aij], B= [bij],... denote square matrices of 
order n, prove that Laj;; denotes the sum of the elements in the leading 
diagonal of X. v 


If sy denote this sum, prove 


S4p—ULDaijbji, sapo= UUULay Ojrexi, 
ij ijk 
each summation running 1, 2,..., 7. 
15. Prove 845 = 8p4, Sapo = Spoa = SCAB: 


16. The sum of the elements in the leading diagonal is the same for all 
matrices X, Y,... where 
DOSS WO os 5 1ely TBO! oo 9 JELAN 
obtained by cyclic symmetry. 
17. Prove sy = sy. 
Oy oy 
Oy Oy 


Oy oy 
On Odes 


18. Prove that, if n = 2, = 2X, where y= Syy. 


19. Denoting this matrix in general by i ] prove 
wji 


oy ] 6 
— r—1 = re 
oe rX when y = sy 


CHAPTER V 


Linear Equations. THe THrorem or CorRESPONDING 
Matrices. FurtHEer THEOREMS 


1. Matrices and Linear Equations. Rank. 


We now replace the definition of rank given in §5, p. 10, 
by a more practical statement. 

Definition of Rank.—A matrix of m rows and n columns has 
rank r, when not all its minor determinants of order r vanish, while 
all of order r+ 1 do so. 

It follows at once by a Laplace development that not all 
minors of order less than 7 vanish, whereas all of order greater 
than rdoso. Alsora n,r a m. 

Again, since non-zero determinants exist for all values of n, 
the unit determinant | 6,,| being such an one, a matrix can have 
rank equal to the smaller of n or m. 

When r= n=m the matrix is non-singular, and for the 
subsequent theory of invariants this is by far the most important 
case. When r < » or r < m the matrix is singular. 

It can now be shown that the new definition imphes the earlier 
property, that a matrix of rank 7 has r linearly independent rows 
and also 7 such columns, but not r+ 1 such rows or r+ 1 such 
columns. 

Proof.—At least one set of r columns exists between which a 
relation 


PE COL at [tg COly=|=ioee 1 [ly COL, ==) = (1) 
is impossible. For let the r columns a,b, . . ., g belong to any one 
r-rowed minor A, = | a,b;...g,| which does not vanish. Then 


the assumed relation (1) requires among others, the r equations 


Hy pods ++. . + Bg: =O | , 

hone: (2) 

by ae bo bj, gi sto te BrGn = 0 
73 
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Multiplying these respectively by the co-factors of a;,...,4@), in 
A,, and adding, we obtain 


tz | 0:0;---9n| + Be | 5:0;--- gn | 4 --- = 0, Le. oy - A, = 0, (3) 


whence pz, = 0, since A, + 0. Similarly each » vanishes and no 
relation (1) exists. The corresponding case of rows can be treated 
in the same way. 

Now let 9/3259, bere> 1 arbitrary non-zero numbers, 
and [a;b,...p,| be any minor matrix of order r + 1 of a given 
matrix M, formed by attaching row k and column p to those 
represented in A,. Then, from the fundamental identity (IV) 
(cf. §12, Ex. 3, 4, p. 51) we deduce the further identity 


(qb. ip )gi 7G (0g s )y OP 2 eo Oe Dg Ps 
= (ab... P)y Gi. dae oeade 9 


Since M has rank 7, this minor determinant (ab... p);;___,, of order 
7+ 1 vanishes. Hence the left-hand sum also is identically zero. 
Thereby the v + 1 elements a,, b;...p,; of row 7 in WM are linearly 
related: namely 


Aj Get Agbs se a ee Oe eer) 


where A, = (qb... p),...,, &c. Here A,.,, at least cannot vanish 
identically because, in it, A, is co-factor of g,. Similarly the same 


relation holds for rows j7,...,%. Further it holds for any other 
row |, since 
Ay, + Agdp +... + Ave, = (aQd.. Oy oe (: 


which last vanishes on expansion by its column q, since each 
co-factor so formed is a determinant of order r + 1 belonging to 
M. Combining these results, the 7+ 1 columns are linearly 
related; namely 


A; Col, += A, col, . .. 4g col, Oe (7) 


This expresses any column p in terms of 7 suitably chosen 
columns. Similarly we prove any 7+ 1 rows to be linearly 
related. This proves the theorem. 

Corollary.—A matrix and its transposed have the same rank. 
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2. Application to Linear Equations. 


A matrix M of n rows and m columns is closely connected 
with the theory of n homogeneous equations linear in m variables, 
or m such equations in » variables. 


Thus if a, = a, 7, + ag%, + ...+ a, 2%, with like abbreviations 
Dy Ce kee SHO Mae 
A Ag Gy, 
M’ by by b, 
ky hy : | 
is that of the m linear equations 
OF BO OOM. Sees 0: 
To say A row, + » row, + ...=0 is in effect the same as to 
say 
Aa, + pb,+...=0 {2}, 


namely that this is an identity for all values of x. Hence the 
rank r of M’ determines exactly how many of the equations are 
effectively independent. So among a,, b,,..., k, exactly r inde- 
pendent forms can be chosen. Let them be the first +:— 
Ay, 0,,+++5 Jy. Also among the columns exactly r are indepen- 
dent. Let them be columns 1, 2,...,7. As we are dealing 
with equations, there is no loss of generality in making these 
assumptions. 

Ii now r= n < m, we have n equations a, = 0, b,=0,..., 
h, = 0 whose determinant A = (ab...h) +0. Multiplying 
each equation by the co-factor in A of the coefficient of z;, and 
adding, we get x, A= 0. Hence 2; vanishes for each value of 7, 


and only the zero solution 7,= 7%, =...=— 72, = 0 exists. 
Next if r= n— 1, so that there must be n — 1 independent 
rows, there is exactly one solution for the ratios 7: %Q:...: 2, 
namely 
Dia Noticesis: SRN Lee EON AN Ks 


where these K’s are the n — l-rowed determinants in the n — 1 
by n matrix of these n — 1 equations. This follows in the same 
way by. multiplying the n—1 equations respectively by the 
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co-factors of a, b... in the determinant (ab...9)y5 .,—1, and 
adding. 

Further if r << — 1, we can solve the 7 equations for just 
I, ,--., %, in terms of the remaining » — r homogeneous 
variables z,,,,..., @,, again by use of co-factors of elements 
in a column of the non-vanishing determinant 


(ab... 912.7 


EXAMPLES 


1, The rank of the system of equations 


ety+tz+t=0 

24 + 2y + 3z2—t=0 
z— 3t=0 

32> 3y -- 52 — 3t= 0 


is two. We could express two of x, y, z, t in terms of the others, but not 
any two. We must exclude the case, 2, y. 


2. Given two equations 


A,X, + 0,4, + ¢,%, + d, x, = 0 
Apt, + bo%o + Cy%3 + d. x, = 0 


the most general lear equation derivable is 
(apa + (bp)w2 + (cp)x3 + (dp)xs = 0 


where (ap) = 4, P. — yp, and p,, p, are arbitrary. We eliminate 2, or x, 
or x3 or x, by putting p = a, b, c, d in succession, provided not all of the 
determinants (ab) vanish. 


8. Given three equations 


a,%, + b,x, + ¢, 4, + d,x,= 0 
Az X, + doa + Cy %3 + dyx, = 0 
Gt, 05X51 C3 X35 +- d,%, — 0 


prove (apq)a, + (bpg)x2 + (¢pq)a3 + (dpq)a, = 0 where (apq) = X + ay P24, 
and the six elements ;, qj are arbitrary. By putting p, q equal to two of 
a, b, c, d we eliminate two of the x’s from the equations, provided not all 
determinants (abc) vanish. ; 


4, Prove similarly that r — 1 unknowns 2; can be eliminated from r 
such equations whose matrix is of rank r. 


5. Prove the fundamental identity 
(abeq) px — (abep)gx = (bepq)aa + (capg)ba + (abpg)en, 


where py = P,X + PoX_ + Py%y + pyx,. If the matrix [abcd] has rank two, 
prove (abcp) = 0, (abcq) = 0. 

This fundamental identity now explicitly indicates the linear relation 
between three equations az = 0, by = cx = 0, whose rank is two. 


Vid , UPPER SUFFIX NOTATION Fk 


3. The Upper Suffix Notation. 


Let us denote the elements of the reciprocal determinant A~! 
by at, a’, a3,...,m”, in defiance of previous practice which 
reserves this notation for powers of a. The context will make 
it clear what is meant. So at present we shall understand the 
indices 1, 2, 3,..., n to be distinguishing marks like the accents 
which are probably more familiar 


OO eO dkee Seegt 
By this means we can exhibit a wonderful parallelism running 


through the whole theory of determinants, starting with the 
obvious pair of conditions 


DN Sed Uy te 
AN es 3S zis @ b2 an. 


Since 4; A is by definition a’, and since 
A= a,4,--...4,4, 
we have 


l=aad+a,e?+...+a,a". 


If A’ is the co-factor of a' in A~! we find 4’ x A=a,. This 
is soon proved. For At x A 


1 Ue One Cy a Ge 
Gah Dt Cas on 4s Get ane de 
Se rien TOM wise ad, bz .6, de 
GIP Chelle iss DO cca ne GD d, 


> 
ie) 
_ +> 


M4 MW Ag Uy 


and similarly for a,. 

This leads to a general theorem, due to Jacobi: ? 

Each minor of A is proportional to the corresponding comple- 
mentary co-factor of A~}, the ratio being A. 

The full significance of this remarkable theorem is best 


1Cf. Crelle, 12 (1834), 9. 
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seen by taking a particular case, when A= | a,b,c3d,|, and 
A-1= | a bed |, 
Oi oe 0 2 Ch. Send tn [455] __ Rares kee. 
[becd4| letard4|  a?oFds| arc oe eat). lardt 
eee | A byC3dy| _ 1 
d* 1 | ab? c3d4| 


There are altogether 70 different equal ratios involved here, 
while each ratio involves all the letters and all the digits 1, 2, 3, 4. 
In general we have 

[Dj ccf te [iQ Og sat, | 1 

openers 1 aN D2 tae 7a lhe 


where, to fix the sign, both letter and suffix rows are algebraic 
complements 


G0 oc J cen 
Maeght OP 


and the partition is taken in every possible way. 
The proof is immediate for any particular case, by the multi- 


plication theorem. Thus | a,b, |: | cd*| = | a,b,c,d,| : 1 since 
es deere ae" dy Gg A, M% 
b 
ee da | a) yO Cac a = : by by bs by 
a bb @& Co ECORCN ECs 


The only difficulty in this proof is to decide how to make 
the minor look like an n-rowed determinant. An easy way to 


remember what to do is to notice how two complementary blocks 
of the unit determinant, 


1 
Ls] = 


are utilized in the course of the work. 
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To prove | cla*| | a,b,c3d,| = | byd,| where the order ¢, a, b, d 
of the letters has been disturbed, write | 4,b,¢,dq| as | ¢,a,b3d, | 
and proceed as before. 

It is important to recognize this theorem in the form of the 
adjugate determinant and its minors. Thus if capital letters denote 
co-factors of small letters in A, the following would be typical 
when A = | a, b,¢54, |; 

| 4 0,,A =| Cs Dy | 
Gy A= As By De 
A$ =| A,B,CD, | , 


and so on. 


4. The Theorem of Corresponding Matrices. 


Next consider two arbitrary square matrices A and X of 
order n, 
Gy .-. ™ Se orn. Us 


A= © . - . X= . . . . > 


together with their transposed matrices A’ and X’. It is assumed 
that the determinant | A | +: 0. 

By the same device of interchanging corresponding rect- 
angular subsections of these we obtain another important 
theorem, which is illustrated well enough again by taking 
n=A4, 

First replace the top row of A’ by that of X’, raise the suffixes 
of other rows and multiply the determinant so found by | A |. 
Then 


| ay %y ty| |a, b, | d, ae 0. 02d, 
l fe Ha A 
Oe a ee Gy Uy Cy Oy) |. 2. aa) 
Cu Go) ene = CP NOs. OS AGES he 
Cadre d ds Ce se, 6 Oars 


which is obvious otherwise by expanding the first determinant 
by its top row and using the previous theorem. In fact 


(a, | Bc d4| + xy | D8cid*| + &e.) | a, by¢5 dq | 


—_ | IE. 


Se 
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Next dc the same for the two top rows of A’ and X’. This gives 


Cele tna y | Qa 0, C, ay G0, Cra, 

Yr Yo Ya Ya) | Aq Oy Cy dy} a, be, dy | Gxbe—g 1b, (9) 
COENIG ISIN NOUS SOE Ae ihe ale ; 

Gd? d? d*| | a, by ty dy Le 


This last is so important a form that it has a special notation 

Gy 0, = Gj, 0, (GO ei) = ee, bs (10) 
Again expand the first determinant in (9), this time by its two 
top rows, and use the previous theorem. It gives 


(= (ay)9 (cd)**) (abed) 


= 2 (ry)y2 (a) 
summed to six terms (= 4!/2!2!). Thus 
Ly, Gy i b= (ab | ry) = (xy); ; (ab); ;, ot (Ui) 


and as this proof equally well applies when A is of order n, and 
there are n — 2 rows below the top two, we may sum this last 
for 


i= 1,2, 3,...,7,] 

| sg 

pees V 825-8 aie Aerial 
Similarly for three top rows 
Pier 2 same m db Gy dy Dy By Cy Ie 
Y Yo Ys Ya d, 0? c dz} _ |a, b, ce dy, (12) 
ay a weet (aah) We, tds OF NOC S Cae 
a> id rd wd G10, ene, 1 


= + a, b, ¢, = (abe| xyz), say. 
Also on expanding the first determinant by its three top rows, 
it gives 
( (xyz) d* + &c.) (abcd) 
= (@Y2)123 (AbC) 193 + &e. 
= 2 (xyz); je (abe); Ie 
to four terms (= 4!/3!1!). Thus 
2k ty b, = (abe) aye) => (abe) ; i. (LY2); jn « 
i, j, BA, 2,3) 5.5 te) 


tinea? : ; 1a 
t+4, ith, 7k. | UB, 
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Lastly, if we remove all rows of A’ we revert to the ordinary 
product theorem of determinants: 


Le ty Le hy Oy. Oy Cy. ay OPN Oe as) 
Yr Ye Ys Ya Qs bs Cg dy —— a y b, Cy dy ( 14 ) 
Rane cae ee Bs, COs Catal (A celal emg Be 
AU aun Ci iC ly re (RS ORG 


= (abed | wyzt) say. 

We collect these results, which will turn out to be very 
significant, and now have the following identities involving 
elements of two square matrices of order n: 


Oy = (a | ©) = A,B, + Ag %o +... + 4, 2%, at aa -(1 OR) 
&. - 0, 
| aa | = (ab | xy) = & (ab), (xy);;, ee Bote eg is) 
ay, by 
Cy, b, Cy 
dy by Cy| = (abe| xyz) =X (abe) jy, (xy2)yy, . ~ « ~ (15s) 
GD oC: 
Sos OREO Meena 1 
hy Dy Cy». +My | (abe... m|-wye.. .t) == (abe: ..m)\(xy2...t). (15,) 
De UW Os oe 
Be ihn ke aD 


Here there are is terms on the right of the rth identity, obtained 


by choosing the r suffixes in all different combinations from among 
NSA hecers Bae Oe 

Determinants of this type on the left, but of higher order 
than n, vanish identically. For by §12, (V), p. 50, the elements of 
the (n + 1)th column are each the same linear function of the 
first n columns. Hence the (n + 1)th column is linearly related 
to these columns. 

At the outset we have assumed that | A | + 0, but the above 


results hold for all values of the elements a;, b;,..., %, ... 
concerned. For if in the rth identity the 7 columns a,b,...,h 
are linearly related, then 

6a,+¢b,+...+0k;,=09, (n= ee? gegen (8 


(D 88+ ) 7 
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Multiplying by z; and summing for 7, we have 


6a,+¢6,+...+0k,=9, 
so that a,, b,,..., k, are also linearly related. Consequently 
both sides of relation 15, vanish identically. 

But if a, b,..., k& are not linearly related, at least one 
r-rowed determinant of the matrix [a, b,..., &] does not vanish, 
| A,| say. Let [J...m] denote the (m — r)-columned matrix, 
formal dual to [a, b, ..., k] in A=[ab...m]. By choosing 
[]...m] to be zero except for its diagonal elements comple- 
mentary to | 4, | which we take as units, we make 

|4|=|4,| +0. 


Thus the original assumption is covered. 

These results may be put into a slightly different form, of 
great importance in the theory of matrices. 

If A is any matrix of n columns, and B is any matrix of n rows, 
any r-rowed determinant D of the product matrix AB is equal to a 
sum of terms each a product of an r-rowed determinant of A and an 
r-rowed determinant of B. 

For this is a statement of formula (15,) when 


Ce Oe Finny 1 A | 
x 4 Seid 
Ace ashe cea roe BS | 22 


wv Yn ae | 
Here A and B need not be square matrices. 


5. Inner Product of Two Rectangular Matrices. 


The determinants (a| x), (ab| xy), (abc| xyz), ... elaborated in 
the last article have many useful properties. It will be seen 
by interchanging any pair among abc... or among zyz... 


that the sign of the whole is changed; for this amounts to an 
interchange of rows in the second or first factor of the original 
product. Thus 


(abe | xyz) = — (bac | xyz) = — (abc | yxz)=... 


Such a property is summed up by saying that (abc | xyz) alternates 
in both abe and xyz. Further, it is symmetrical in these two 


groups; thus (abe | xyz) = (xyz | abc). 
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Once more, it has exactly the same suffixes ijk for abe and for 
xyz im any particular term of its expansion 


py (abe) ;, (LYZ) jin. 
For this reason it is an inner product of two sets of (5) quanti- 
/ 


ties, namely the set of determinants of the three-line matrix 


CpraN 08d, . £5 M6; 

, —_ 
Anpath On = byt Un IND, Buse Oy, 
Ge Cay Ona Cay Ae Oy 


and the corresponding set 


ae Us «Degas se oe 
O; = 190 Ya Ys Ya =o Yn 
Se ae eS 

Likewise for each of these functions (a| x), (ab| zy), .... The 


typical one can be called rth compound inner product, or the 
inner product of two 7 by n matrices, 7 giving the number of 
different symbols before or after the vertical line. Further, these 
matrices are subdivisions by rows of the transposed of A’, X’ 
the square arrays from which we started. 


6. Laplace Developments of the Inner Products. 


First we may write any such expression as 


(abe | xyz) =X +a, b, ¢ 


y “2 


and in the notation of p. 27 this can be written 


C= a b; G, 


(abe | xyz) = Cy b 


y 


where either a, b, c are deranged, or zyz. By a (2: 1) Laplace 
development this is also . 


(ab | yz) ¢, + (ab | zx) ¢, + (ab| xy) ¢,, 


and this principle may be extended to any order involving r 
pairs of letters a, 7; b,y; &c., if r <n. 
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7. Rank of the Product of Matrices. 


The vank of the product of two matrices cannot exceed the rank 
of either factor. 

For in the result of §4, p. 81, if all 7-rowed determinants of 
A (or of B) are zero, the same is true of all r-rowed determinants 
of their product AB. Again 

The rank of a matriz A of m rows and n columns is unaltered 
by multiplying A fore or aft by a conformable non-singular square 
matrra. 

For if 7 is the rank of A, and B is a square non-singular matrix 
of order n, the rank p of AB has just been proved to be not 
greater than ry. Likewise the rank of (4B)B~1 cannot exceed p, 
that of its first factor. Hence p=r. Similarly for a product 
with A as after factor. 


8. The Simplex. 


We now consider a theorem analogous to Jacobi’s theorem, 
which may first be illustrated by the case of four rows and 
columns. Suppose we have, as before, two double sets, say 


GG aye a; t, Dy “by “Hy 
b, by bs by Y4. Ye Ys Ya 


so chosen that the matrix 


0, or, in full 


vanishes identically: thus a, =a, = b, = 6, 


Ay Ly + Uy Ly + Ag Ly + Ay Ly = O, 
by & + Dy t+ by + by a, = 0, 


and similarly for y. Eliminating x, we obtain 


(ab) 15 % + (ab)13 %3 + (ab) 14 %, = 0. 
Similarly 


(ab) 19 Ya + (ab),5 Y3 + (ab)14 Ya = 9. 


These are two equations for the three quantities (ab),5, (ab),., 
(ab),,. Hence, by solving, 


(ab), : (ab)y3 : (ab).4 = (xy)sa : (2Y)aa : (Y)o, 
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and for similar reasons, by eliminating «, or x, or 2, originally, 
we obtain 


(ab) __ (ab)13 (ab)4 __ (Ab)a3__ (ab) ap _ (2) 54 


(xy) 34 (rY)ao (TY)o3 (2Y)xa (LY ay (oa) 


These formule, which are fundamental in the study of line 
geometry in threefold space, are typical of a general set involving 
complementary rectangles P and 7, say, from two square matrices 
of order n. As an illustration let » = 5, and let the matrix 


vanish identically. Here five sets a, b, x, y, z are involved, and 


— | , ! ! | — 
Ay = Ay Vy + Ay Lo + Ag Vz Ay Vy + As Lz = O. 


As before we obtain, by eliminating 7, y,, z, from the three 
pairs of equations, 

(ab) 12 %_ + (ab)y3 #3 + (a6), 

(ab) 32 Yo + (ab)13 Y3 + (ab), 

(a) 12 22 + (ab)43 2 + (a6) 14 


which are just enough equations to determine the ratios 
(ab),5 : (ab),3, &e., in terms of x, y, z. Multiptying these equations 
respectively by (y2)45, (2X)45, (Y)a5, and adding, we deduce 


(ab) 15 (©Y2)oa5 + (40) 15 (ZY2Z)3a5 = 9, 


a, + (ab),5 25 = 0, 
Ya + (b)15Y5 = 9, 
Z, + (ab); 2, = 0, 


3) 


4 
4 


or 
(ab)19: (ab)13 = (©Y2) sa * (ZY2)a953 


and by symmetry 


(ab); = (ab),3 aL age (ab), 
(rY2)sa5  (XYZ)a95 (©Y2) nim 
where 1, klm are algebraic complements of 12345. 
In general let there be 7 sets a, b,..., k and n—~r sets 
x, y,---,¢ such that the inner product of any two sets chosen 


from these different groups vanishes. Then the determinants of 
these two matrices are proportional, namely 


(ab..-h)ag..s __ (ab. + Baer... 
(xy Eveie b) eles (xy pret try! plo’ 
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where aB...5, Aw... po are algebraic complements Oi 283 oo Me 
and so are the accented suffixes. 

Lastly consider the double set arranged in two rows each of 
n letters, 


ap (te ores wl Fc 
a Afni ek eeeteter Se aac 


where each letter denotes a vector, say 


t= apes. aeeal: 


ieee al 
C= +4 Pe uses yt 


and the inner product of any two vectors not in the same row 
or column vanishes. When none of the inner products @,, },, 
c,,..., m, vanish, such a system of vectors is called a simplex 
of ie nth category: the vectors of one row, it matters not which, 
are called points, and those of the other row primes. Further, 


let po, P3,--++,5 Py—; denote the sets of determinants (ad);,, 
(abc);;, ... , respectively, and 7», 73, ..., 7, the sets (zy);;, 
(xyz); j,,-... Then the preceding results can be written in the 
form 
La Ty Le =e k(be ae M)py...6 Pn—-1 

ae) (ZY) ap = k'(e OR) m),... o Pn—2 

Ts (LYZ) apy = eine em aes 

Tina | (LYE => =S8)eayi ge en te py=™m 
where the suffixes are algebraic complements of 123...n, and 


the coefficients k are constant for all such suffixes. 


EXAMPLES 
1. If A = (abc... m) and D= (ayz...t) denote the determinants of 
the above double set of vectors, prove DA = Ay by Cz... mt. 


2. Prove that each column of A is in fact a multiple of the corre- 
sponding column of co-factors of D, and vice versa. 


3. Exhibit the above relations when n = 3, and interpret them when 
x, y, 2 are three vertices of a triangle whose sides are a, b, c. 


4, If n = 4, show that the simplex is a tetrahedron of four vertices 
x, y, 2, t, four planes a, b, c, d, and six lines. 

Here bz = 0 is the homogeneous equation of a plane in point co-ordinates 
(E> Sos Es, 4} or of a point in plane co-ordinates [,, by, 3,64]. The conditions 
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imply that points y, z, t but mot a are on plane a; and so on cyclically. The 
a P = [(ab):2» (4)13» (4b) 14> (boa (ab) ga» (a) s4] 
is proportional to the set 

T = [(%Y) 34s (®Y)a2» (TY)a5» (XY) ras (LY)r3» (@Y)r2] 


as in §6 above. The set p is called the set of axial co-ordinates of the 
line common to planes a, b: the set 7 forms the set of line co-ordinates. 
These p and x sets are. often taken to be identically equal since the intro- 
duction of a non-zero common factor to homogeneous co-ordinates does 
not alter the actual point, line or plane represented. 


9. Extended Form of Cauchy’s Theorem, commonly called 
Sylvester’s Theorem on Compound Determinants. 

Wher theorem, thate|a; 050.1, |0 > 1 \a" b? ram [A o" = 

| .4,B,...M,,| is a special case of a remarkable general theorem 

virtually due to Cauchy. Let | (ab),;;| denote the determinant 


of order 5 
and the ,C, like 1 to typify rows. Let us call this the second 
compound of A, and denote it by D,. Thus if n= 3 


(ab)io  (AC)y2_ (BC) 45 
D,= | (ab), | = (ab),3 (Ac) 13 (be), 5 
(ab)o3 (AC)o3 (BC) ag 


To avoid ambiguity let the alphabetical and the ascending order 
of letters and suffixes be maintained. If n = 4 there are six rows 
and columns. 


Similarly let D, = | (abc),,,| be the third compound of A, 


: with the ,C, combinations like ab to typify columns 


denoting the corresponding determinant of order a Thus if 
n= 4 its leading diagonal is 


(abc)y93 (a@bd)19, (acd);34 (bed) o34 - 


And so on until finally A itself is reached. The Cauchy-Sylvester 
theorem is this: 

Each determinant D, = | (G0. aR | is a positive integral 

n— 1) 
power of A, the power for the rth compound being (; oF ): 

This is proved by considering an adjoint determinant whose 
elements are co-factors, in the original determinant A, of the 
elements (ab...);;..- 

1 See Muir, History of Determinants, 1, 118. 


88 LINEAR EQUATIONS [CHAP. 


Let (ab... f)ij; i (gh...m)..., be such co-factors. We 
form the two determinants 


and multiply them together, column by column, not row 
by column. The resulting inner products which go to form 
elements of the product determinant are all determinants of 
order n, because the inner products are actual Laplace develop- 
ments of these determinants. The leading diagonal determinants 
are all equal to A, and the others vanish as in the original 
Cauchy theorem. 

To illustrate this let n= 5, A= (abede) and the co-factor 


determinants be | (ab);;|, | (cde)rim |. Then 
(ab)j2 (Ac)ya_-- . (cde)s45 (Bde) sas 
(ab)j3 (Ae)yg_ + | X | (Cde)oys (Bde) os 
(abede) (abbde) ... A 


| 
c=. 


= | (accde) (abcde) asi’: 


In general the result of multiplying these two determinants each 
of order (") is Al) 


nh 
But A has no polynomial factors (§4, p. 33); hence al) also 
has none. Accordingly both determinants on the left are powers 
of A, to a numerical factor. Taking the special case when 
A is| 6, |, the unit determinant, the numerical factor is seen to 
be unity: and further, since, in the left-hand factor determinant, 
the letter a enters into the columns, and therefore into each 


Bas: : oD 
term in its expansion pony 


) times, it follows that 
“Dis Ari). 
n= 
The other factor must be D,,_,, which is equal to Alara ; 
For by the theory of indices, 


n—1 n—-1l 


DD, = Ara) Aln=r—1) = Abr). 


We may now summarize this Cauchy-Sylvester theorem for all 
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compound determinants D,, derived from a given determinant of 
order » as follows: D 
1 


Thus for n = 5 this set gives A, A*, A®, A4 A. 


EXAMPLES 
1. Prove the analogous reciprocal results for upper suffixes: 
(abs | == 1/D, == Al—w | (abc)*'| = 1/D,,  &e. 
2. Extend the Jacobi ratio theorem to cover the case of minors of 
reciprocal adjugate determinants, e.g. | (ab);j| and | (ab)‘/ |. 
10. The Generalized Ratio Theorem. 


Starting with the Jacobi ratio theorem (§3, p. 78), which the 
quaternary case illustrates, 


Ce ee) ace aa 1 


OOx Oh | = : ane Fk 
| 2&3 a | B23 d4| | 8 d4| | at B23 d4| 


we can adjoin further equal ratios as follows. Take any number 
of arbitrary sets 


and multiply single-letter numerators of suffix ¢ together with 
their denominators, by 2’; double letter numerators | a; 8, | 
together with their denominators by | z'y/|; and so on. Then 
sum the numerators forming ¥ a;z', and sum their corresponding 


denominators Uz’ | b/c d'|. Also sum &|ab|| ay| and their 
denominators. The result is to obtain further ratios equal to 
the original, such as 

(x| a) 


sot b2 3 d4|" 
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And if by (xcbd)’ we understand this wpper suffix determinant 
in contrast to (xbed) which means | x, ,¢,d,|, we have 
(x|a) _ (a|b) _ (zyla)_ 


(abet ee = 
[abuts dal (abet) ay teary aay (abed" 


for all values. of'a, 7, 2. -: 
A correlative statement, involving arbitrary sets [W,, Wa,..., Un], 


[v,, U,---,2,], ---, With lower suffixes, follows in exactly the 
same way: 
ae (uvwa) _ (uvwb) _ (wvab) _ aerys i 
(uvw | bed)’ — (uew| cad)’ — (wv | ed)’ (abed)” 


11. Tensor Constants of the Fundamental Identities (pp. 44-48). 


In the fundamental identities certain matrices R, L, M, N 
enter. The columns of some are deranged from term to term, 
those of others maintain their relative position. We shall call 
these latter matrices the constants of the identity concerned, 
while the others, resolved into their ultimate columns, will be 
called the variable vectors or simply the variables. 

Thus, for example, in §8 (30), p. 43, which leads to identity 
(31) namely to 


(abcd) (efgh) = (defa) (begh), . . . (16) 
the constant is 
ie i | 
Cee Tie 
I3 a 
Ja Ig 


Any identity arising from deranging a product of p such 
determinants, as in §11, (I), (I), (III), p. 48, evidently has p — 1 
constants M, N,.... They have respective currencies j, k,.... 

Now consider the above example, with each second factor 
developed by a Laplace expansion as 


(fh) == 2X) a( Gnas «Mie ageamen LS) 
ids TS— alae 


Since (16) is an identity for all values of g,, h,, in particular, we 
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may put g,—= h,— 1 with all other six elements g and h zero. 
Hence 


(abed) (ef) ng = (def.a) ( Oe heal) 


where p, ¢ are any two among 1, 2, 3, 4. 
Now let a set of six arbitrary quantities be chosen 


G= [Gro Gy3, Gra; Gq, Gao, Con a hGeel: : (20) 


Multiply (19) through by G, and sum for the six sets of values 
of pq, 7s as given by (18), finally writing 


(ef G) for & (ef) 


og G 


Then 
(abed) ( ) (ef @) = - (defa) ( (bcG). Noaeaayy te) 


Here we have a slightly different form of the identity. It now 
involves a constant set G defined by six elements as in (20), but 
not necessarily by eight original elements as in (17). 

In exactly the same way the identities (I), (II), (IID), §11, p. 48, 
may be treated. The constant matrix M of currency j may be 


replaced by an arbitrary set of a elements M 
M= [Wie 35el| oar Wis eee Sime are (22) 


Similarly for the other possible constants in the identity. 
And again, returning to identity (19), if we multiply each 
member by an arbitrary quantity H’’, taking 


H = [(H%4, H®, HW, 12, W8, H4|= [HH], . (23) 


and if (ef| H) means & (ef),,, H’", we may write the identity as 
(abcd) (ef | H) = (defa) (be|H). . . . (24) 


Thus (16), (19), (21), (24) are essentially the same identity as 
far as the variables a, b, c, d, e, f are concerned. 

Definition of Tensor—For a given category n, a set of 
quantities [M,,,...»,] where the suffixes take all values 1,2,..., 0 
is called a tensor of order j. A vector is a tensor of order 
unity. 
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12. Application of the Principle of Duality. 


Let us make formal duals (§13, p. 54) of the vectors a, Di Caan 
in other words we consider each vector to furnish a column of 
a perfectly arbitrary n-rowed determinant, and take as formal 
dual of a the set of n co-factors of the column (a, CT een e/a 


Then if this determinant is written La;a' = (a | a) a), the set 


(rte cae 5 
is formal dual of 
{ 
Oy Oe AG 


Now let Greek letters a, 8; y be formal duals of a, b, c. Then 
there will be a compound n-rowed determinant 


(aBy...p) =U tat Bey*...p", 


formally dual to 


(abc.,.m) = 2% + a) bo¢,....™ 


n° 


Manifestly fundamental identities exist among such deter- 
minants. Thus if » = 4 we have as dual of (16) 


(aBy8) (e (e670) = (Sela) ( ) (By 8). 


In particular as in (19) 


(a By8) (c CPt = (d€C a) (By) yea. 


Hence if we use the natural notation («€H) for X(eC)’!H” and 
(e€| G) for X(ef)"G,,, we have the following correlative with 
(21) and (24), 


(aBy8) (eH) = (Bela) (ByH), 
(By) (e£| @) = Bela) By | @). 
The important thing to notice is that in every detail the original 


identity is matched by a dual identity. They only differ in two 
respects: 


(1) A lower suffix becomes an upper suffix, and vice versa. 
(11) Variables are replaced by formal duals, as shown by 
writing Greek for italic letters, 
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In exactly the same way any fundamental identity can be 
reciprocated into a dual, and there are in fact eight different 
modes (four direct and four dual) of writing such an identity. 
In all these modes the variable vectors are permuted in precisely 
the same way. 

The case when n = 5 illustrates this well enough: 


| (abcde) (fghuw) = (abefy) (cdhwv) 
(abcde) (fq) Nay = (abefy) (ed) fe 
(abcde) ( (fg ia (abefy) (cd P) 
f (abcde) ( ) (fg| On == (abe fq) ) (ed| Q) Q) 

where Toa aye ie oiety OAM SD roccies, Qo |; 


5 
9 


a 


are sets of ( l= (5) = 10 arbitrary constants. 


(aBySe) (Cn Oy) = (aBeLn) (yd0op) 
(aBySe) (fn)" = (aBeln) ) (9) yi 
(aByde) (Cy R) = (aBeln) (yd R) 
(aBySe) (Cy |S) = (aBe ln) (y8| 8) 
where eRe eek peed, iS = [ana <5 Orel 


are sets of ten arbitrary constants. 


13. The Sylvester Identity. 


We conclude this investigation of the principle of duality 
by making a dual transformation of the Sylvester identity, 
§9, (II), p. 45, which was stated in the form 


(AO) (DF) = (D0) (4) ith=n. . (25) 


On the left are (‘" . ") terms, due to derangement of / columns 


C,, and 7 columns D,. Without loss of generality we can assume 
4 =k. 
Among these terms on the left is (4;C;,) (D;/,,), while in all 


the rest some columns of D; appear in the same factor as 4;. 
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Let us rewrite this identity with this first term transferred to 
the other side as 


B Edis Orn #) (D;_ glee) 
ae ==( AP) (D.C) =A) (Dye eo) 


where gq denotes the number of columns of D, transferred. For 
each value of q there are (‘) (") terms, because this is the number 


of choices which can be made from D; and C,. The notation 
A;,, denotes the matrix A combined with q of the columns of D. 
Similarly for the other suffixes. The double summation sign is 
used rather than the dot notation for reasons of convenience. 

Example.—li n = 4, A== ab, D = dC =v, F Wn; 
then such an identity is 


(abuv) (cdwt) — (abut) (ceduv) 
= (abct) (dwuv) — (abew) (dtwv) | 
— (abdt) (cwuv) + (abdw) (ctuv) | 
“le ). 


abcd) (uvwt 


On the right, there are four terms answering to q == 1, due to 
derangements of c, d and of t, w independently. We write these 
minantal permutations. So the identity now runs 


as (abct) (dwuv), with dots and bars to distinguish the two deter- 
(abuv) (cdwt) — (abwt) (edu) = (abel) (dwuv) + (abcd) (uwvwt). (28) 


Since the eight columns a, b, ..., v of these determinants 
are quite arbitrary, let us take w,, v;, w;, t; respectively as the 
co-factors of €,, 7;, ¢;,w; m the non-vanishing determinant 
(Ey fw). So from the table 


uvw it 
Silat ee 
we deduce v4 = (7 Cw)o54, 07 = — (€Cw)og3,, &C. Then by the 


Jacobi ratio theorem (uv),.= (En fw) (Cw)s,, &c. Consequently 


(abuv) = (ab| Cw) (En fw), (abet) = — (abe| En C), &e. 
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If these are substituted in (28) and the common factor (Ey Cw)? 
is removed we obtain, as in §8, p. 89, 

(ab| Cen) (cd | Ey) — (ab| Em) (cd | Len) 
= — (abe| &n 6) (d|w) + (abe| Ena) (d| ) + (abed) (En a) 
== — (abe| Ey £)(d|w) + (abed) (Ena). . . 2 . (29) 
This is a form of the Sylvester identity in terms of matrix inner 
products. Since it is a polynomial identity which holds for all 
values of the elements concerned provided (€7 fa) does not vanish, 
this last restriction may be removed as in the case of §4, p. 82. 
The formula therefore holds without exception. 
14.1 Formal Proof of the Sylvester Identity. 


More’ generally, by the same methods, we may transform 
identity (25) to a relation between columns of four matrices 
A, B, P, Q of the same currency. For if 


A Oy Oy on Oe, B= 0704 Oss 


P; = OQ... 0, Vi= YrYo--- Yis 


i e \ 


Da PO ep Of iy | Ah ous Yi YQ) | 


q=1 : ; 
(Dente On| Yaris cts Ye) (30) 
SE (Gy 3 5 Gy Ys) (Op 8) Op lay PH) | 
(Gd, | Oy 35. D,) (By cay | Uys 2G 
This can be written more shortly as 
oe (Aj, | ey) (Bey | Qi—«) 
= = (A,| P) (BQ) — (4:1 @) BP). . BI) 


If 21> n, the upper summation limit 2s n. 


Proof. 
The result follows from (26) by the Jacobi ratio theorem, 
exactly as in the quaternary case just considered, provided 


Qa <n. 


1 This section may be omitted on a first reading. 
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We take 27 + 7 = n, and work with two dual matrices of order n 
[Ly lq... WY Yo- +. Yee --- % | 


[Uy Ug... Uz VyVy 0; Wy... W; | 


where the lower is the adjugate of the upper. For instance, the 
adjugate of the minor determimant 


(By nen; Yen. 
(Uq41 wks VU; Wy we istite W;) 7 


where A, A’ are algebraic complementary suffix rows. Similarly 


that of Yoy yess « Y)yI8 (PO (Uy ney Oy a Oy = - )) 


Hence the series on the left of (31) is equal to 


a Oto gO yn aa Oa Ue an eae One) 
(Oper Oy ay, 0). 
Since q? — q is even, the sign simplifies to (—)' =(—)'. This 
makes the series a Sylvester series as in §11 (26), p. 94, so that 
it 1s equal to the two terms 
(SS) (Gig. = Dg thy ee Uh DE 2 20) 
(Orgs 4 0 Of He Oy aap Oy oe, Cee) 


u 


— (01... 0; 01. ..0; Wy... W;) (by... By... UW... wy) } 
which simplify to 
(=) Gy vec Uy 2 10}... Op een atone) 
wil ayiesn’s Wyre a2 Wy ares.) (Ogre dita aca eo aeraan 
or finally to 
(ay. cdg | Gay) Opes. Oe) Cy aay) 
— (ae. Tae Lap (O OR ae ee) 


This proves the theorem, provided 27 = n. 

To prove it if 22 > n, we merely take the theorem for original 
determinants of order 27, where all the elements of the rows 
n+ 1, n+ 2,...,n-+ (20—n) are zero. For this automati- 
cally turns the inner product & a, x, summed for k = 1, 2,..., 22 
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into one for k= 1, 2, ..., n, so that any compound inner pro- 
duct may be interpreted indifferently as of either category 27 
or n. It further ensures that 7th compound inner products when 
y >n should vanish identically. This is needed when n > 7, 
in order to remove the terms of (31) for values of ¢ between 
n— 7 and 4. 

Hsanple--li 10) (29); p: 95, 0, = by = cy =a, = 0, the 
quaternary identity leads to the ternary identity 


(ab | feo) (cd | En) — (ab| En) (ed | Cv) = — (abe) (Ené) (d | @). 


For the third compound (abc| &)¢) now resolves into factors 
(abc) (En€). 

The reader will have no difficulty in finding the dual form of 
the other fundamental types (I), (IID) of §9, p. 45, by making 


analogous transformations. 


EXAMPLES 
1. If n > 3, prove 


(be | nC) (@| &) + (ca| nS) (b| £) + (ab | nf) (c| €) = (abe | Exh), 
and adapt the result to the binary and ternary cases, n = 2, 3. 
2. If n > 4, 


(be | nf) (ad | Za) + (ca | 4%) (64 | Zor) + (ad | nf) (ed | Eo) 
== (abe | nC) (d| @) — (abc! et) (d | £}. 


(D 884) 8 


CHAPTER VI 
SpeciaL Types oF DETERMINANT 


]. Properties of Matrices and Determinants connected with the 
Leading Diagonal. 


Associated with every square matrix A of order n is the 
matrix AJ — A obtained by subtracting A from each element of 
the leading diagonal, and changing all the signs. The equation 
in A obtained by equating to zero the corresponding determinant 
(AI — A) is called the characteristic equation of the matrix A. 

For example, if n= 3, and A = [a,\], 


A— ay — Ue = Cae 
a3 — zg A— Asg 


This equation is a cubic in A, and in general the characteristic 
equation is of order n, as is apparent by writing down the leading 
term in the expansion of this determinant. fo 


F(A) = a) A" + a APH a AG, = 1, 


where each a; is a polynomial function of the n? elements a;,. 
The n roots A,, Az,..., A, of this equation f(A) = 0 are called the 
latent roots of the matrix. 

As it is useful to know how to perform the expansion of this 
characteristic determinant, a method is suggested by the follow- 
ing examples. 


EXAMPLES 
1. Prove 
G+ 2 0d; Cy d, 
As bot 2% Cy d, 
As bs Cz,+a ds 
ay by Cs dy 


= x4 + (a, + by + €3-+ dy)a? + {| boey| + | ayd,| + | ayes] + | bod, | 
+ | a,b. | + | Cd, | } 2 + { | by ¢3dq | + | ayegdq| + | aybody | 
+ | @bycg |} a+ | aybocgd, |. 


[Differentiate both sides of the identity with regard to x four times. 
Put x = 0 at each stage. ] 


2. Generalize this result. 
98 
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3. If p,, p,..., Pn are the leading diagonal elements of a determinant 
A, and P, P;, Pij, Pijr,. . . denote the values (after putting p, = p,=...= 0) 
es < the co-factor of p;, that of pjpj;, &c., show that A can be expressed in 
the form 


P+ EP pi+ UP pipjt ...+ Py P2.-+ Pn. 
4. Prove 
Pi by GY » b G 
Gay Po Co} = 142 - Cy + | a 2 —i 
a, 6; Ds a3 03 : 


2. The Cayley Hamilton Theorem. 


For a second order matrix the characteristic equation is a 


quadratic. Thusif A = E A 


A 0 


FS es 


|-¥ (a+ d)A+ ad— be= 0. 


If we construct the corresponding function f(A) of the matrix 
A itself by evaluating 


A?— (a+ d)A + (ad— be)I 


as a second order matrix, we obtain the remarkable result that 
all the elements of this matrix are zero. This can readily be 
verified. It is an instance of an important theorem which runs 
as follows. 

Tue Caytey Hamitron TuHEeorem. — Avery square matrix 
satisfies its own characteristic equation. 
Proof.— 

Let the matrix AJ — A, constructed from a given matrix 
A of order n, have for its adjugate (§8, p. 70) B. Since the 
elements of AJ — A are at most of the first degree in A, their 
co-factors in | AJ — A | are at most of degree m — 1 in A. Hence 
we write the typical element f;; of the adjugate as 


by +b A+... +0, %, 


where the n coefficients b; are polynomial functions of the n? 
elements of A. 
Thus the matrix B itself may be written as 


By B, x Saran B,-1 Ne 


where B, is a matrix whose typical element is 6,.. 
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But since | AJ — A| =f (A) is the determinant of AL — 4, 
it follows by direct multiplication (§8, (11), p. 70) that 
(AI — A)B=|AI—A|I=f(A)1. 


Hence 


N= ABO 


n—=1 n—1 
or AZ BM mA LD BN Sf Al 
k=0 k=0 
= (a) A" +a, A" *+...+4,) 1. 
This is an identity for all values of A. Equating coefficients of 
X™ Av. , At, Ao we obtain 
ees ae gl 
of ae a AB al 


B LAB aed ay 


n—Ike—1 
— ADB, 1 =a, l. 
By fore multiplication with A”, A"~’, ..., A, 1 respectively and 


addition, we obtain 
0=a,A"+a,A"'4+...+4,_,4+4,], 
which proves the theorem. 
It is to be noted that the theorem holds for singular matrices. 


There are alternative ways of writing this result. Since we 
can factorize the expression f(A) in terms of its latent roots A; 
as 


F(A) = a (A— Ay) (A— Ag)... (A= A,), 
we can therefore also write 
f(A) =a) (A —A, D1) (A— AL)... (A—A, J), 
where the order of factors is immaterial (cf. Ex. 10, p. 72). “Here 
is a case where, by the Cayley Hamilton theorem, the product of 


n matrices A — X,I is zero, though we cannot assume that any 
of the factors are zero. 
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EXAMPLES 


| ee 
1. If A is the diagonal matrix | 5 | prove that A also satisfies 
d 


\ 


the characteristic equation f(A) = 0 of the matrix A. 


2. If B is an arbitrary non-singular matrix, prove that BAB—! and 
B-14B both satisfy f(A) = 0. 


8. Show that this is true for a square matrix of any order. 


4. Prove the latent roots of the reciprocal of the third order matrix A 
are hy, Ap}, Ag !. 


5. If the latent roots of A are A, A, u, prove that f(A) = 0 is satisfied 
ele 
Joye ye | Ae’ hc } 
Be dane 


De, as 
6. Verify that A = | ee | satisfies f(A) = 0 if the three roots are 
equal. bata Ges 


”, Show that BA B—1 and B—1AB also satisfy f(A) = 0, in 6. 


3. Special Types of Determinant. 


Bordered determinants. Symmetric and skew symmetric deter- 
minants. 

If above and to the left of a square matrix [a,;] of order n 
we add a row and column 


Oi Un ea th, 
Y 


we obtain a bordered matrix of order n-+ 1. Its determinant is 
also said to be bordered and is written shortly as 


Uj; 
Vi, Aj; 
So if m = 3 an example is 
Uy Up Us 
Cie ALG 


b 
Vg Ae by Cp 
b 


102 SPECIAL TYPES OF DETERMINANT [CHaP. 


We may border more deeply by adding a double row and column 
meeting in a set of four zeros. We should write 


Uy) Ua Us, 
2310 Ch Oi Os 
Us Ug Gg 2 ON aes 
Ua te Vai gt iO aCe 


Such a process can be generalized, giving what may be called 
bordered determinants of the first, second, ... rth orders derived 
from a nucleus A. Hence if 0.,¢, each denote matrices of n rows 
and r columns, or briefly matrices of currency r, and if as usual 
the accent indicates transposition, then we can write the general 
bordered determinant derived from 
A=|4,,| 
as 
GF 


a 


0 
he 
0 


ij 


Now consider values of + between 0 and n, of which the above 


For &,, (n = 3), the result is three terms 
(uu')o3 (VA) 193 + (Utt’) 31 (V0'D)y93 + (WU’) a2 (VV'C)a28 - 
Expand each factor (vv’a) by the (r : m — r) development and the 
result is linear in the set 
(vv’)os, (’)s1, (U0")ae- 


We infer that &, is belinear in the two sets of determinants of 
the border matrices 0’,, ¢,. 


If r= n the same argument shows that the bordered deter- 
minant &,, is merely the product 


(SS). OU ea) 


(=)"| uj | ||. 


Ti r= 0, 25118 A. Mh 


better written 


4. Reciprocation of Bordered Determinants. 


Bordered determinants obey the principle of duality in a 
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manner which recalls the Jacobi ratio theorem. In fact the 
following results may be regarded as a corollary of this theorem. 
For consider three square matrices of order 

ie by «2. My Die nate aby be hy out @y 
ee dy by ... Mo yu | Ye Be] oe Sag seep ; 


eee aereass ewe ee Wee Ml temo re”) Gye oie ey ee lie hy 9 Oe ether es ten eon: 


b 


RD rhe a) PANE a Fe RC en eal) 


n 


together with their reciprocals with raised suffixes. For brevity 
take n= 3, so that, as before, | A|at=|b,¢,|, &c., while 
[ate | ooze | dee, and {se et a= 9) C5 | ke: | “Thent the 
following identities will hold: 

Ly Ly Ue 


YW Ye Y3 a bl cl 


YW Yo Ys sagt) gt ae 
2 % &3 él gi bl ol 
My Ge Ge by | = p & a B @ ? 
N2 %2 M bg & @ B 
ie Gar Os bs Cs 
oo gt «8 
re ee 2, 
f . i, i ; yp} y? yp 
1 es gro ee 1 1 pal al 
ag Le Rene le 
2 2 62 2 & "2 a BB @ 
fz ds b3 Cs & 3 a b3 3 
gi gt a8] 
iL yh yy 
b Yo ory. 
pee aes! 5 Bg es 
di, by Cy) = p TANS Ye rte ciice a j 
dz bs Cs 


& ie Ge az~ 6% C2 
és n & a> 68 (oa 


(o*) 


where p= — | ay b3¢3 | | © Yo. |_| Exess |- 
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The proof is immediate, by expanding the left-hand side 
determinants as bilinear functions of the border matrices, and 
then raising the suffixes by use of the Jacobi ratio theorem. 

For instance, in the third identity, a typical term involving 
ZC, 18 2 C,| agc,|. But by the ratio theorem 


[oy], G=l4nSl | &n°| 
| dy 6, | = | a, bg e,| 0% 


2 = |X Yo 2 


whence 
a) £1 | dy €3| =p | a y | | SF) bt, 


agreeing with the corresponding term on the right. 
In general for n-rowed matrices A, X, = we have 


p=(-y"|4] |X| [EI 


and the letters absent in the borders of determinants on one side 
of the identities are present on the other, their arrangement being 


determined by the algebraic complement rule as in Jacobi’s 
theorem. 


5. Bordered Adjugate Determinant. 


As in the Jacobi theorem itself it is useful to recognize the 
earlier form of the theorems of the last paragraph. Namely, 
when all elements with upper suffixes are replaced by capital 
letters denoting co-factors of elements with lower suffixes, the 
theorems hold if p is multiplied by suitable positive integral 


powers of | a, by ¢s |. 
6. Symmetrical Matrices and Determinants. 


These are symmetrical if transposition of rows into columns 
makes no difference, so that 


Gj=A, — {09} 
For example, 
h U 
h cng 

a Bley Ne tees ae 

’ es) = . 
h b of & yp 

uvwd 


The condition that a matrix A should be symmetrical can be 
written A = A’, 
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EXAMPLES 
1. If capital letters denote co-factors of corresponding small letters 
hae a) 0s 
inh=|h 6 f |, prove 2 4 : 
i. ‘ 
gf Oo wy if 
= — (Aw + Bo? + Cw? + 2Pow + 2Gwu + 2Hur), 
uv w 
OF = OE 
uwai h g |=ax? + by? -+- cz? + 2fyz+ Qyza+ Qhay 
D O21 1p 
WS We Gf @ 


“uv w 
where 2, y, 2= | 


wt vt wt 


. 


Expand as a quadratic in the same way 


x 


y 


Zz 
G 
Fl: 

Zz C 


Amr 
ty ty Ey S 


Answer: —A (aa? + by? + &c.). 


2. If A is an arbitrary square matrix, and A’ is its transposed, then 
AA’ is symmetrical, and so is A’A. 
[Use the fundamental relation of type (BC)’ = C’B’). 


7. Skew Symmetric Determinants. 
A= |a,;| is skew symmetric if a,; = —a,;, so that on the 
leading diagonal every element is zero, since 


Aj= — 4,= 0. 


In this case the matrix [a,;] is said to alternate in its double 
suffixes: interchange of suffixes is accompanied by change of 
sign. So interchange of the set of rows and the set of columns 
is accompanied by n changes of sign, one for each row, ” being 
the order of the determinant. Thus if A is the matrix, and A’ 
its transposed, 


A=—A’, but|A|=(—)"| 4’|, 


whence A= (—)"A. Accordingly we have the theorem: 


If n is odd, A is identically zero. 
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A skew symmetric matrix or determinant is completely 
specified by the 4n(m— 1) elements in the triangle above its 
diagonal. Thus if n= 3, we might have 


If, however, n is even, A is a perfect square function of its 
elements. 
For let 


Consider the co-factors of the leading four elements eek g 
Since the diagonal co-factors are manifestly skew symmetric of 
order » — 1, which is odd, they vanish. Also if A is co-factor of 
a, that of — a is the transposed of A with every sign changed. 
Hence it is (—)"~'A, = — A. The determinant of these four 
co-factors is therefore 

| OnsagA 
—A 0 ; 


But by the Jacobi ratio theorem this can be written 


say, where A,_. is also an even skew symmetric determinant. 
Thus if A,_, is a perfect square, so is A,. But A, obviously is 
so. Hence by induction so is A,, or else it is zero. It is not 
zero in general, since in the special case when b=c=...all 
vanish except a, f..., A= a?y75. ., where @) 700 emreatne 
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letters occurring alternately in the positions nearest the leading 
diagonal. 
8. Characteristic Function of a Skew Matrix. 


Let a determinant be expanded by its principal diagonal as 
in §1. In particular if the determinant 


A C = b| 
= ¢ Xr a 
) =@ nr 


is so expanded, the result is 
(a? +- 6% + c?)X+ A. 


Suppose S is a skew symmetric matrix and | AJ + S| is the 
corresponding determinant with X replacing each zero in the 
leading diagonal, as in the above example for the third order 
case. Expanding by its leading diagonal in an ascending series 
for A we have 


PeNge tic) | 2 oa oly a sy ey Ue Ce 


where P; is the co-factor of the ith diagonal element in | S|, 
and P,; that of the product of the 7th and jth diagonal elements 
in | 8 |, and so on. But all such co-factors are skew symmetric; 
hence those of odd order vanish, and those of even order are 
perfect squares. Thus reversing the terms of the series, we have 


(ALS S| ahs Rr tee, 


where Y, R, ... are sums of squares and therefore are essentially 
positive if the elements a, b, c, ... of S are real. 

Hence the matrix AJ + S cannot be singular if its elements 
are real, as long as A> 0. In particular J + S gives two non- 
singular matrices. 


9. Summary of Theorems on Compound Determinants. 


In spite of the great intrinsic interest of the subject, and the 
wonderful flexibility of determinants as practical working tools 
in many branches of pure and applied mathematics, there is 
still a considerable absence of systematic knowledge of even the 
main results in the theory. It may therefore be of help to the 


108 SPECIAL TYPES OF DETERMINANT [Cuap. 


reader to have a short statement of at any rate one main branch 
of what is indeed a very wide subject. 

We may sum up! the theory of compound determinants in 
eight related theorems. These appear in their relative positions 
most clearly if a numerical notation is adopted, where digits 
have the significance of letters in what has preceded, and in 
addition a group of less than n digits indicates a certain minor. 


I. ((234) (134) (124) (123)) = (1234)°. 
Cauchy’s theorem on the adjugate, 1812: The adjugate is the 
(n — 1)th power of the original determinant (§7, p. 67). 

II. ((134) (124) (123) ) = (1234)?(1). 
Jacobi’s theorem on the adjugate, 1831: A minor of order r of 


the adjugate is equal to the complementary minor in the original 
determinant A multiplied by the (x — 1)th power of A. 


TIT. ((12) (18) (14) (23) (24) (34) ) = (1234). 
Sylvester’s theorem on the mth compound, 1851: The mth 


compound of a gwen determinant A is the ( ee ye power of A. 
Mia! 
£89, "D.. Su) 


IV. ((14) (23) (24) (34) ) = (1234) ((34) (24)). 
Franke’s theorem on the mth compound, 1862: A minor of 


order x of the mth compound is equal to the complementary minor in 


the adjugate (na— m)th compound multiplied by the (: = lz = ') a 
power of the original determinant. Ke 


V. ((a23) (163) (12c)) = (123)2(abe). 


Bazin’s theorem, 1854: If the determinants obtained by replacing 
a column of A in all possible ways by a column of B are elements 
of a “hybrid” compound determinant, the latter is equal to A°-1B 
(p. 56, Ex. 8). 


VI. ( (1634) (12c4) (123d) ) = (1234)2(1bed). 


Reiss’ theorem, 1867: Any minor of the Bazin hybrid compound 
of A and B is equal to the complementary minor in the reciprocal 


1 T owe the following illuminating summary to Dr. A. C. Aitken. 
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hybrid (i.e. that in which the réles of A and B are interchanged) 
multiplied by a power A’! of A. 


VII. ((ab34) (a2c4) (a23d) (1be4) (103d) (12cd) ) = (1234)3 (abed)?. 


Reiss’ theorem, 1867 (Picquet, 1878): The hybrid compound of 
A and B whose elements are the determinants obtained by replacing 


im all possible ways m columns of A by m columns of B is equal 
fo AC m ) Bln). 
Bazin’s theorem is the case m= 1. 


VILL. ( (ab34) (a2c4) (a23d) (1be4) ) = (1234) (abed) ( (a2c4) (ab34)). 


Reiss’ theorem, 1867 (Picquet, 1878): Any minor of the Reiss 
hybrid compound is equal to the complementary minor in the 
reciprocal Reiss hybrid, multiplied by 


ih ne) 


Ao m1) eet m 7 


Theorem VI is the case when m = 1. 


The above are the eight chief results in their actual order of 
discovery. Theorems I, II, III, V alone have been proved in the 
preceding pages, but the others can be dealt with by the same 
methods. 

Theorem II in the notation of p. 52 would follow from 


(134. 124 . 123. pgr) = (1234)2(pqrl) 


by decomposing the first matrix 134. Jacobi’s theorem then 
follows by equating the various coefficients of (pq); on both 
sides of this identity. This in fact gives another proof for what 
has been called the Jacobi ratio theorem in §3, p. 78. 

We may very properly write 


JP gdb se ie say 


to show the relation of the first four of these theorems. 


CHAPTER VII 
DIFFERENTIATION OF A DETERMINANT 
1. The Polarizing Process. 
When the general n-rowed determinant 
A =| e,;| =| a,b,¢,... m, 
is regarded as a function of its n? different elements, treated 


A_y 


ij? 


where 


as independent variables, it yields the result 
u) 


£,; 1s the co-factor of e;;. This is simply because A is a linear 
function in the single quantity e;,. 
Again, since 


A= aj Ay 4G, Also ce Gy Agee ee) 
and A;= 0A|0a,, it follows that 
oA oA oA 
Neh eae | +t... ; 2 
eae . carey | ey @) 


which may be abbreviated to 
d )a, ee 


DNS (a ue) = (a 
0a 0a 
the latter introducing the notation which separates the differential 
operator from its operand. In such a case it must clearly be 


noted that a and - are not commutative. 
a 


For instance, if n = 2, 


0 OA oA 
A= iecal 
(2 a) ag ake 
whereas 
rs) 0 0 
a “) ae oa ee 
0a, oA 0A oA 
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The identity (2) is a particular case of Euler’s theorem for a 
homogeneous function of degree s in its variables. Thus if 
J Giiannaa a 2,48 sueh.a Tunction 


0 0 
SN ee ey “ua 
1 


(« 


The determinant may equally well be differentiated following 
any row or column. Accordingly in the double suffix notation 
we have results ey to (2), such as 


OA oA 
Nes Se Re, — C5; eee oe en ae (6) 
ey 
= + €;9; is ne bt Nes eee esae Me) 
0€;1 0 €;2 0 Cin 


Again, since 
O= b, Ay+ b, Ag+ Saas OSA, 
therefore 


laa) eee) 


wee ee on 
a ey ioe (b 


A I 
7] Qy n 


and likewise for any other such pairs of columns, other than 
the a and 6 column used here. 

More generally, if {a,, %, ..., x,} denote the m elements 
of an arbitrary column 7, not necessarily contained in A, -the 


operator 
(2|P) = at ee Ee Pe 


0a OU, 


has the effect on A of substituting the column of x’s for that of a’s. 

Similar remarks apply to the rows. 

Hence the effect of altering a determinant by substituting 
a new column or a new row for an original column or row is 
attained by a differential operator: and this operator, as in (9), 
is of the inner product type. Such a process, which is very 
common both in algebraic geometry and in the theory of 
invariants, is called a polarizing process. 

Various notation has been used for this process, acting upon 
a function f of variables x, %,..., %,, such as 


ay 


(y = =(y oO =2y jg, Dante (10) 
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2. The Capelli Operators. 


The process may be repeated, with the use of several sets 


(dys se $y, AG sao Oa tie obo replaces colmns” ore tie 
determinant. Thus if A= (abe...m), 
(x oA = (abe... | 
. [da 
(11) 
“nine 0 
(y | =z) (« | ~) (N= AQUC are mo 
and so on. 
Let us now suppose that all these sets xz, y, ... are perfectly 
arbitrary but independent of a and b, when we regard all the 
elements a;, b;, ... as variables, so that the ordinary laws of 


scalar numbers may apply to expressions involving @;, y;, Da,” 
&e. It follows that in the above result % 


(vag) va) (Yan) 0) 


for the x standing to the right of e is unaffected by the differen- 


< is equivalent to (« 
0a 


tiation. This is a feature which is probably familiar to the reader 
through the study of linear differential equations with constant 
coefficients. 

Next let the set x be interchanged with the set y, to give a 


new identity 
0 
(2 a (y 


Here on the right we may write — (ayc...m) by inter- 
changing two columns of the determinant. On subtracting 


(13) from (11) 
tien 


(a 


0 
da 


) A= (yee... m). ee) 
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and by the theorem of corresponding matrices (§4, p. 79) the 
left-hand side is naturally written 


x Disa 98 ‘i ame - (2y | x =)4 
= — (2y| Cand \ 


A=& 15 
Abs da! ne) 
The notation must therefore be used with caution, for in the 


but for various 


2 
operators the symbol - i is not short for = 


determinantal expressions; and it alternates in a and b as it is 
a matrix inner product (§5, p. 82). 

Proceeding in this way until n auxiliary sets x, y, z,...,¢ 
are involved, we obtain the following identities, which for 
shortness are written out for the case when n = 4, 


= (abcd) = | a,6,¢,d,|, 


= N= (zbed), 
(20 5 ap) 2 ee, (16) 
Ez o | ee Sued 
(zy) G 5 :, wae eeu) 


These operators are sometimes known as the Capelli operators, 
while the last of the series introduces us to the very important 
special case of such, involving the Cayley Q operator constructed 
from n? independent variables 


Bigeye? 
0a, 0a, OA» 
7) o 0 
Q= 160, ab, OD, 
a) noe 0 
Om, OM, OM 


(D 884) 9 
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3. The Cayley Operator. 

TurorEeM.—The effect of the Cayley operator wpon the sth 
power of its determinant A is s(s+ 1)...(s+n— DAs 

It will be noted that if n = 1 this reverts to the well-known 
da‘/da = sa*~'. So the theorem gives a very interesting 
generalization of an elementary fact. 

For clearness we consider the proof! when n = 3, and 


OF area a0 
a 


0a, 00, as 
Gi loi -@ 
0 0 0 Al al! 1 
Oe |e. elt Ne 
db, 00, Obs Pigs WG 
ise Ds" ox 
Oe. 6b ae 


Oc, Ol, Oly 
Since 0A/da; = A;, we have 
OM /da,= sd” (b,c, — 6 &), ‘0,9, k= 1, 2,3): 
whence 


4) 


0 . 
(x -+ %——-+ @, ee ) AP = eh** (4, A, a, A, a, AS) 
0a, 0d, Ody 
0 


or (« 5, 


Differentiating the right side with regard to b; gives 
s(s —1) A*-* B, (abe) ++ sA*? (ex), 


Atak Ligbe)s bo ie CD) 


mabenee after multiplying by an arbitrary y; and summing for 
EN ® woke 


(y a) Gl 


But (ayc) (xbe) — (axe) (ybe) = (abe) (xyc) = A(aye) identically 
(p. 42, (29)). Hence after rewriting (18) with 2, y interchanged 
throughout and subtracting from (18), we have 

é VA = s(s— 1) A®~* A (axyc) + 2s A’? (aye) 


a 
(V5, ab 
= s(s+ 1) A*—? (ayc). ik ete ae et) 


1Of, Grace and Young, Uhe Algebra of Invariants (Cambridge, 1903), p. 259. 


SE sie 1) A*? (aye) (abe) + sA*! (aye). (18) 
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Next, in the same way, 


(2 =) (xy so =) 


= s(s + 1) (s — 1) A*~* (abz) (wyc) + s(s + 1) A®} (ayz). (20) 


Interchanging x, y, z according to the scheme xy, z which is 
LY Ge Le Zee eee 


we obtain three such equations as (20): and the result of adding 


them up is (p. 42, (28)) 
ORG Ere, = 

(xy: Vas ==°5 (s == 1) (s — 1) A* * (abe) (xyz) 

+ 38 (s+ 1) A®~? (ayz) 


da 0b Oc 
since the last term is the same for each, (xyz) = (yza) = (zy). 
Thus 


(xyz) QA‘ = s(s + 1) (s — 1+ 3)A*~? (yz) 
or 


CA eee eB Gee) rein) Te Trad) 


EXAMPLES 


1. Prove by this method that if A = (ab...ef...m) is a determinant 
of order n, then 


cae == SASS (be. 1), (xy 
a 


(« é 
2. Fork < n,ifa...yanda...e both denote k columns, prove 
(a|2d 

ne, | Pica sae 


[Use induction, and proceed as before.] 


- a)" = 8(s-+1)A*‘~l(axyc...m). 


) A= s@+1)...(e b= 1A. .y fm). 


38. If k = n, deduce the theorem 
QAs = s(s + 1)...(8 + n— 1) AS—}. 
4. If r <s, prove 


PRS te Nea eos Marie Tyger 
Oi nt ear it aGase 8 


5. If r =s, this becomes 
(n+ 1)! (n+ 2)! (n+s6—1)! 


1! Dd aT 


Os As = n! 


6. If r > s, prove Q7 As = 0. 
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(a) fa) te) 5 
P a eos Ose ere ten|® 
7%. Prove ba; 8b; So | ayby n | 
= s(s+1)...(s + k— 1)A8—!| fr... mn], 
where | aibj...e~| and | fy... mn| are complementary co-factors in A. 


4. Theorem of Corresponding Matrices adapted to the Capelli 
Operator. 


If x, denote the operator («| 0/da), then the theorem of 
corresponding matrices yields 


(|5)> (lea) 
(2 5) (v 35) 


This breaks down if the variables a, b are replaced by 2, y or 
by functions of w and y, because the left-hand factor of each 
term of the expanded operator, x,y, — %Y,, acts on the right. 
Thus we find, if the determinant is expanded by columns, 


f= 3 Cvlul ge <=) f= rf.» (23) 


La Ya 
Ty Yd 


= (y 


Ly Ya 


Ly Yy 


The second term on the right, — z, f, is due to i in x, acting 
directly on y; in y,. Also, if we expand by rows, writing the 
determinant as @,y, — y,, We obtain still another result. Let 
us therefore agree to expand by columns in each case when 
this ambiguity may arise. 

Further, let the two letters of an element x, be called the 
upper x and the lower y, so that the lower letter represents a 


set of differential operators ae . Then we notice that when a 
lower letter y in an earlier column is followed by the same y as 
upper letter in a later column, a new term, as already remarked, 
may arise. It is well to have names to distinguish these terms. 
In an operator such as the above, terms arising from direct 
differentiation upon f are called extrinsic, but terms arising within 
the operator are intrinsic. In (23) above, — a, f is an intrinsic 
term, while the summation = gives a series of extrinsic terms. 
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By rearranging the terms of (23) we have the relation 


ty tl Jf=2ey me nits | ~ aE -) 


This ingenious device absorbs the intrinsic term into the operator 
by adding a new extrinsic term z,,f through increase of the lower 
right element y, by unity. It was Capelli! who first discovered 
this law of adjustment in its generality, which can take the 


elegant form for r <n sets of variables 2, y, ..., 2, t, 
oe eae ag 82, ty 
jie hd MET Cheniyash, akties) % 
Dp, tes Bot ——20b 
L, Yi; sant EEA ti+r—l 
0 0 Ciene 
=(ay...2 is = )= H. 25 
(xy da dy" Oe Ot 
Here the leading diagonal has 0, 1, 2,..., r» — 1 added to its 


respective elements, which otherwise agree with the algebraic 
theorem of corresponding matrices. 

Proof.—If we expand A by a Laplace (2 :r— 2) development, 
every minor from the first two columns is of the required type, 
since those involving row, obey the law shown in (24), and all 
others have no intrinsic terms. 

Accordingly we assume the theorem true for all minors of 
the first s — 1 columns, and proceed to prove it inductively for 
A itself by the (r— 1:1) development. On performing this 
expansion of A, we have 


Neste eet oe Toe T(t, fo), M26) 


where 7’; is the co-factor of the last element in row;. But by 


hypothesis 
0 0 @ ) 


Tat) (zy bee 


Here the only intrinsic terms are due to the presence of ¢ in t,. 


1 Math. Annalen, 29 (1887), 331-338. 
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But ee = = . Hence, by summing i= 1, 2, ..., n, the intrinsic 
i Xi 
terms of 7’, t, combine into the single expression. 
Peo: 
(=) (ay...2 aye =.) 
/ OUNG @ 
=— Fe lp eee Wace on pees eel 

PE erates =a) 


on shifting s through — 2 places. Similarly each of the co-factors 
© 


T,,..., 7, furnish — T,, as intrinsic term. So the sum of all 
intrinsic terms in A cancels the 7'.(r — 1) in the last term of 
(26) which itself is free from intrinsic terms. Hence we can 
write 


1 TE a ee Ln Se 


where the accent denotes that the operation passes over 
t,, ..., & and acts only on what may follow. Collecting terms 
we now have 


23 9 dy 
dx dy dz dt/’ 


A= (ay...2¢ 


which proves the theorem. 


Corollary I.—Jf r > n, A vanishes rdentically. 

Corollary II.—A is unchanged by deranging x, y,..., 2, t 
similarly in both rows and columns. For this leaves H unchanged. 

Corollary III.—A is unchanged by transposition, followed by 
reversal of the integers to r—1, r—2,..., 3, 2, 1, 0 in the 
leading diagonal. 

This follows by induction proceeding from the final column 
towards the left. 


EXAMPLES 
Xx + 2 vy Xz rs) 
1, Prove | yx Yy tl yz) = U(xyz)ijr ey he 
Zu Zy Zz aes 


2. Prove, if m > 3, and 7 is independent of z and y, 


XL - 2 vy Xz e) B) ) 
Nx Dy eA (wn y a, 2 
“ae Zapun Be Ox Oy Cz 
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Q) Soy a) 4G) xe ) ‘ ae 
a VOI 
Ox dy 0z Ot OU 
some upper and lower letters y, t alike, and others entirely independent, is 
equal to a determinant of type (25) with 0, 1, 0, 3, 0 replacing 0, 1, 2,..., 
in the leading diagonal terms. 


8. The general Capelli operator (é y Sto 


4. If p, q satisfy all the laws of §1, p. 57, except that of commutative 
multiplication which is replaced by 


pa—qap=1, 
prove that p’q? = pq(pq+ 1), p?q? = py (pa + 1) (py + 2), 
gp? = ap (yp — 1),  p® = ap (gp — 1) (qp — 2). 

[Try first when p ae . Next try directly by substituting pg — 1 for 

a Qa 
gp in p(qp)q)- : 

5. Prove pe = pa(pa+1)...(p¢q+r—]) 

Cy = aplgp— 1)... (¢p— r 4-4). 
6. Prove p*q — qp? = 2p, p*q — gp? = 3p, pg — gp” = np”—}. 


5. Connexion between Substitutional Analysis and Differentiation. 


The preceding investigations show that a close analogy exists 
between the typical process of algebra, the permutation, and 
that of analysis, differentiation. Indeed many of the properties 
of matrices, determinants, and the like, are rendered the clearer 
by bringing into play this twofold aspect of what is really one 
fundamental operation. A very simple example will suffice to 


lead up to the general idea.t Consider the operation of . upon 
ae 


x when n is a positive integer. If we write 2" as a product of 
n factors each equal to 2, 


DUEL 05.5 


it is clear that we can pick out an x in n different ways: we can 
then substitute unity for this factor in n different ways. It we 


do so, and add up the results we arrive at nz"—', namely the 


result of operating with ee on «”. Thus 
4b 


d = 
re ietve..toaleeee es. eee... l=na™, 
My 


Similarly 


(27) 


- a =yuun...t ayee...t...+ x2axn...y=nyx"*. (28) 
x 


1 Cf. Macmahon, Combinatory Analysis, I (Cambridge, 1915) v. 224. 


g 
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Here the left-hand operator is the simplest type of polar operator; 
and we see from the series to which it gives rise that it is essentially 
an operation involving permutations of substitutions. 

Now the determinantal permutation 


ab, C= ab, ¢ be, a ca, b 
which takes its rise in the Laplace development of a determinant, 


has the same general features, only complicated by the change 
of sign which accompanies an interchange of letters. And if the 
determinantal permutation operates on letters representing 
columns of determinants, it is found in all cases to be expressible 
by differential operators. For example, the process ab, ¢ applied 
to a product of determinants of any, the same, order, say the 


fourth order, Eg ; 
(abde) (cfgh) 
may be equated to 


=) (xyde) (zfgh). . . (29) 


0 
dx Oy 


For this operator is equal to 


so 2) |) ae 


a) a VAG) 


Also by (14), 


(ab 


Hence the effect of the whole operation (abe 


©) (ayde) = Yabde), (c} ~ ) tghy = (ely, 


Oa Oy 


Lega a) _ 
Ox Oy 02 

2(abde) (cfgh) + 2(bede) (afgh) +- 2 (cade) (bfgh), 
which gives the required result. 


In general, the permutation operations of §11, p. 47 which 
lead to the fundamental identities can be expressed as differential 


operators. For example, the series of & ay) terms, given by 
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(A, Lat) (B, M,,_;) can be generated from a single product of 
two n-rowed determinants 


(24 By... Lp a) (Y1 Yo+ ++ Yj ee j) 
by the operator 


ad 


where each «x denotes a column of the determinant, A; denotes 
2 columns 44, d,..., a;, and B;, 7 columns, while 


(4.8, ae Cao eee) 


Om, OY; K By = OYj/ x 
K being a row of i+ 7 different suffixes chosen in ba .) different 
ways from the integers 1, 2,..., ”. nue 


0 acs a) 
0a, 04, Oye wei 


Just as A; is short for the 7x ” matrix a,a,...a,; let ts 
a F Q 0X; 


a) 
be short for —— See anc { Se 
e shor os ae , an. ay, or a aa: Then we hace 


Jj 
the relation 


. . 4) 4) 
(A, L) (B,M) = a (A.B, Es ay) & L)(Y,M). (31) 


The proof follows the lines of the previous special case. For 
as in (29), (30) 


(4:2) sy, ay) = (Alex) Bley): 


and by (16) 


(4, Peace Pe aes etel). 


Similarly for B, Y. This at once yields the result. 

Incidentally this affords an alternative proof of Sylvester’s 
theorem (§9, (II), p. 45) when 7+ 7= 7, because the matrix 
product operator then factorizes as 


A Poe ay) 


showing that (A; B;) is a factor of the series (A; L) (B, M). 
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Once more, by the same reasoning, for several matrices 
A,, B,, Oy so, WO 9 oP RP so We may, write 


i @ CG @ 
as eee ABC = : = Se NCA DY) CAIN) 2 ae 
i ies ( be 0Y OZ )\ )( Mea") 
where the currencies of 
A GexXee 
is YE YL 
Cae ZN 
are 
ee We 
7 9 N49 
k k (Ua k 
respectively. 


An important particular case of the above is the following 
type of identity, involving the Cayley operator and a product 


of factors a,, by, c,... Where @, = @% + Gg%y +--+ + A, Lp, 
If n= 2, Qa,b, = (ab); | 
if n=3,  Qa,b,c,= (abe); (32) 
if n=4, Qa,b,c,d,= (abcd), &c. | 
O° 86 


Thus, al w=)5, Oa = 


} ~—, whence Qa,b 
SPS Teac whence Oy, Dy C, 


=X + a,b,c, = (abe). And if there were more than three such 
factors, the result would contain several terms, with a deter- 
minant like (abc) appearing in each. For instance, still with 
n= 3, 


Gather ela ee 
OW" OYo “One re. 
= (abc) d,, + (dbc) a,. Baral Sh (5759) 


Evidently the process mimics the ordinary rule of differentiating 
a product (cf. (27) and (28) ). 
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EXAMPLES 


ile bt Oya ie 


Qaz by Cz’ by = (abc) a’xb’y + (a’be) ayb’y + (ab’c) a’ by + (abc) dy by. 
2. Qag* by? cz = 4(abc) axby. 


3. OQ ay! by CP => map (abc) ag" 1 byP=lep—1, 


! ! wm! 
4, Qr Ag Dy” GzP = oe Os HLM ION a : (abc)" ag'—" Oy eat Cilmi. 
(m—r)!(n—r)!(p—r)! 


5. Give the corresponding identity for a determinant Q of the nth order. 


6. If the n* elements of A = (abc ...m) are functions of a single vari- 
able f, and an accent denotes differentiation with regard to ¢ of elements 
in the column indicated, prove 


T= (abe...) + (ab’o...m) + (abe! ...m) +... + (abe...) 
m 
4. LES = A + a,A? 2. + apAP +... and A=/4,y,... ta 


where the coefficients a; are constants and the series is convergent, prove 
Dis a, shee aA cas Ge DNs a | 
2 1 1 
8. Prove (i) Q rene n! (Ayer 


(ii) Q log(1 — A) = — (n— 1)! (1 A)”. 


9. ( desk sata gaa ) Beene 0) 
OX, OY, OP X,OY,/ LYo — XY, 
oe oe . 
ae ee aa) (xy Y2— % Y1)—* 
SS Si 1) Peo hy yy) Sot. 
11. Prove A = 0 for all orders of the determinant. 


12. Prove the Cayley formula (§3, p. 114) true for negative values of s. 
18. The partial differential equation 


az Oz 
EX, CY, OX2Z0Y 


is satisfied by 
BGO ae ep Ae AY: 
PSone org ara "| 


where A = & Yq — Xp Yj. 


14. The partial differential equation in nine independent variables 
ian BA Oa ae 
pak 
~ OX, OY, OYs 


= Vemor Drichy, OVi— Ve 
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is satisfied by 


if A Ne QMS i 
Decay 3 0) a STa Dotan ae 
For n? independent variables, 
; if A ja 
fee Niet Essa 
/ aa nl ern taiNt 


21A3 ee lh eee Por 
"niin liin+ 2)! | ni(n+1)i(n+2)'(n+3)! 9 OS" 
oe (a @ ie) loo A = (1% ---4) 
Ce (ayz...t)’ x dys ~ Med 


(abe | g bs ) log A = 2! Got un and finally 
lox Oy Cz (HE 6 a0) 


15. Prove (a 


z, (hoe)! Cogn) 


16. The solution of m linear equations for &, y,...,@ 


Ly YEN) eet —— Ay, ee Doe 
is given by 
E=(a 


6. Jacobians. 


0 7) 
ee o = SE \\ eyo i 
=) log A, 7, (|Z) og A, &e 


The determinant | 0w,/da,| of m rows (i) and columns (j), 
whose elements are the n? first partial differential coefficients of 
n functions w,, Ug, ..., U, With regard to their m independent 
arguments 2, %, ..., %,, 18 called the Jacobian of the set u 
with regard to the set z. It can be denoted in various ways: 
OU, || FO (ty Ue, et Oe) 


ace Bhi fest ONLY eee N 
0a; Ody Manco cpalein, TOU) 


Its properties are essentially algebraic, once the fundamental 
facts of partial differentiation are assumed, and in particular the 
theorems: if ¢ is an explicit function of 7 arguments U4, Us, . . . 5 Uys 
then 


ap 26 Ou | 2h Ory, OP Ou, 


O@; 0, 08; Oly Ot: Cuno 


Smid. if a(t), tlos sche. 5, Upy gpretowve autem 
Se 
Ou, On, Ou, Ox 
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The chief properties of the Jacobian are contained in the 
following six theorems. 


I. If the ws are explicit functions of y1, Yo, ---, Yn which in 
turn are explicit functions of the x’s, then 


8(u)_ 8(u) aly) 
A(@) Aly) O(a) 


For by multiplication the (7, 7)th element in the product 
determinant is 
OU; OY; OU; OY, OU, 


Oy, Ox; ay OYn On, Onn 


Il. If the n equations u; = u, (x, ..., X,) can be solved for 
the x’s in terms of the u's, and the Jacobian ;| can be con- 
structed, then 


ld 
Xj/ 


For the (7, 7)th element in the product is = = 6, leading to 
the unit determinant (§2, p. 32). ge) 


ALD On Ug Uy, eee kes cea Xe) OTe le. 2 ae 
then 
0(u) nO(F) /0(F) 
(x) 0(x)} O(u) 
For by actual multiplication 
O(u) O(F) jo; du, es OUp, 
O@) CU) \0u, Oa, ce, Ox, 
oF nO) 
= a % (=) y 3 
%; 0 (a) 
IV. Jacobi’s Lemma.'—/f A,, Ay, ..., A, are the co-factors of 
ao ae mas as in the Jacobian, then 
Gx 0 Xe i 
0A 
Be) 
Stat Sa os 
identically. 


1 Crelle, 27, (1844), 201-209. Collected Works, 4, 317. 
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For 0A4,/0x, consists of a sum of n — 1 determinants, due to 
differentiating in turn the »— 1 columns of the co-factor A). 
We can then arrange all the n(n — 1) terms arising from the 
n differential coefficients 04,/dx”, as a skew symmetric matrix 
of order n, with terms arising from A, arranged in the 7th row. 
Since the matrix is skew, the sum of its terms vanishes. It is 
left as an exercise for the reader to develop this proof. 


7. Rank of Jacobian Matrix. 


The square matrix [¢u,/¢,] of order n is the Jacobian matrix, 
and its rank r is the highest order of a minor determinant A, 
which does not vanish identically. What follows now is closely 
analogous to the theorem on p. 73. 


V. If a functional relation (uy, Ug, ..., Up) = 0 connects p of 
the ws, then every minor @ (tye Wiss yee u,)/O(x;, ..., X;) of order 
p mvolving these u’s vanishes identically. 


: : 0 Od OUy- Od Ou 
For since 0 = aie ies ee Sages ac —”, we have p 
OL, “OU Om, OU, 0%; 
' ; ; vee od ar 
lmear equations from which —" ,..., —*- may be eliminated, 
Uy OUy 


so giving the desired result. Incidentally the rank r is neces- 
sarily less than n. 


3 
Oly Wey ds ay Uy ; : 
VA ee uy) + 0, where r is the rank of the 
Ol (Sasa. Secs eee 
Jacobian matrix, then the functions v4, Us, ..., U, are independent, 
while each of the n—vr remaining ws is expressible in terms of 


Wis Ulan » esol 


re 


By V we already know that w,, ..., uw, are independent, 
otherwise A, vanishes. So we take these r together with z,.,,, 
Ly 495 +++, Z, a8 new independent variables and express the 


remaining 2’s as 


= bi (Uy, 52. , Uy Crees a 9 == a ee 
Also let a, = f, (aga 
Then by differentiation of u,, Us, ..., %#, (as functions of the new 


independent variables) with regard to x, (s > 1), 
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Of; Ss f penal 0d, Fen 


OL, 09), On, 02, Om,’ 


heck oe 4 Of Ob 4 af 


On, Ot, Oa, Ox, O02,’ 
Ou, Of, Oy ig MAE Ory Ott 
Oty O85 08, aes Oe On 


k=r+1, r+2,...,” 
Eliminating 0¢,/0z,,..., 0¢,/0%,, we obtain 


ae may al oe 
Oa,” Oa. “O'2, 


Of, Cie BO = 0, 
Oa Nite soa wie, 

Of saat af, EGE? 

Ox,” On, 809, ~ 0x, 


Expanding by the last row, 
Oey ea tra Tu) = OU O(Say - » ede) 


Oe eee LOOT. t)- 


But by hypothesis the left-hand member of this identity vanishes, 
whereas O(f;,.-., /,)/0(%,..-, %,) does not. Hence eu,/dx, 
vanishes identically, so that w, is independent of x. But s can 
be any of (r+ 1),...,n. Hence uw, is expressible entirely as a 
function of the remaining variables u,, wu, ..., u,: and this 
proves the theorem. 

Corollary.—Provided its rank is x the matrix [0u,/Cx;| need 
not necessarily be square. 

In fact the above proof holds when the number of w’s is m, 
where m > 7. 


CIEUAIPAM BLES WWIII 
Brnary Forms 


1. Binary Invariants. 


We shall now consider, as a preliminary to more complicated 
structures, a particular type of polynomial called the binary 
form: and this will be dealt with broadly in the order suggested 
by the history of algebra since the time when Lagrange and 
Gauss hinted at properties of linear transformations, finally to 
be disclosed in an epoch-making publication by Boole in Novem- 
ber, 1841. 

Let us consider this partly from a geometrical point of view. 
Suppose that 


F(a, y) = ax? + 2hay + by? + 2gx+ 2fy+e, . (1) 


equated to zero, represents a conic referred to Cartesian co- 
ordinates (x, y), and that a change of axes is made, as indicated 
by the equations, 
jpeg uel ge a ae «1G: 
y=l,0' + may J 


for the old co-ordinates z, y in terms of the new, 2’, y’. The 
origin remains fixed, and the only condition imposed on 1,, m,, 
ly, Mm, 18 the equality 


[Mil Stig lon 0. a, ee) 


This is a homogeneous linear transformation from x, y to 2’, y’. 
Frobenius and other writers, with no geometrical purpose 
immediately in view, call it a substitution rather than a trans- 
formation. 
First we remark that any function of x, y may be expressed 
as a function of a’, y’. Let us write 
EG, YE aay) | ae ee ea) 


128 
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to denote the two aspects of this function. Next if we collect 
terms of # in groups U, homogeneous in 2, y, as indicated by 
the suffix r, we have in this case 


Uo Us Uae Uy a Ug © 8) 
and in particular 

Oy as, el a= Uo Ug Ups 
Thus U, = ax? + 2hay + by? 


= a(h apy’)? 2h (ha +- my’) (I,2’ may’) (I,2' may’)? 
ay! /2 ate Oh! ay’ + by’? ae One 


provided 
a’ = al,? + 2hl, 1, + b1,?, 
h’=al,m,+ h(lymy+1,m,)+ blym,, . . (6) 
b’ = am? + 2hm,m, + bm,?. 


It is at this point that the far-reaching result disclosed by Boole 
may be seen. Boole remarked that the discriminant a’b’ — h’? 
of the quadratic U,’ reproduced that of U, together with a 
factor depending only on the coefficients of the transformation 
Ff. Namely, 


a’ b’ — h’? = (l,m, — 1,m,) (ab — h?) eee 4G) 


as is quite easy to verify. Let this be written 
Dia) ceo AINE Ted 15 \7o etree (8) 


where the contracted functional notation is adopted for brevity. 

The factor | M| is called the modulus or determinant of the 
transformation T. 

Since this function ab — h? as a whole emerges unchanged 
in structure, but for a factor | M |? independent of the three argu- 
ments a, h, b of the function, it is called an invariant of the trans- 
formation. More precisely this is called a relative, to distinguish 
it from an absolute, invariant, because cases occur in which [(a) 
and I(a’) are absolutely equal without the help of an extraneous 
factor | M |?. 

The significance of result (7) is better seen if the previous 
conditions (6) are studied. Hach new coefficient a’, h’, b’ is a 


complicated linear function of the old coefficients a, h, b; and 
(D 884 ) 10 
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only this particular expression a’ b’ — h’?, or a product involv- 
ing this, turns out to have ab — h? as 
a factor—a property which shall be 
proved later. 

Boole also found other interesting 
results which may shortly be stated. 
xz If w denote the angle between the axes 
Ox, Oy, and w’ that between Ox’, Oy’, 
then the transformation 7 may be 
regarded as a means of referring the 
same geometrical figure to two sets of axes Oxy, Ox'y’ at the 
same origin. The assumption already made that M differs from 
zero implies 


O xz 


sinw--0, sinw’ +0, 
1.€. w=+0modz, w’ +0 modz. 


The axes Ox, Oy are inclined to one another; and so are Oz’, 
Oy’. Boole found the following relations: 


sinw’ a’b'’—h?® ab—h? 


ger eee ee ape eh (9) 
sin w sin? w sin? w 
a+ b'— 2h’cosw’ a +b— 2heosw (10) 
sin? w’ sin? w 


Here again is an instance of invariants: this time the invariant 
functions involve a, b, h, w, which is a more complicated set of 
arguments than a, b, h alone. On the other hand the invariants 
are absolute, not merely relative. 


2. Orthogonal Transformation and Invariants. 
If we impose the conditions 


l,? ah my” a l,? cs Ma” = i (11) 
Libel, ie ==: Olam | -elevi ae il 


upon the coefficients of the binary linear transformation 7 we 
call it now an orthogonal transformation. Geometrically these 
conditions show that if the lines Ox, Oy are at right angles, so 
also are Ox’, Oy’: and conversely. 

It, will be seen that the values of the angles w, w’ are now 


Ce ee oS a ek) 


VIII] . ORTHOGONAL INVARIANTS 131 


for if we write 1, = cos@, m, = sin 9, 1, = cosd, my, = sing to 
satisfy the first condition, then 


0 = 1,1, + mm, = cos (6 — 4). 


Hence @ and ¢ differ by an odd number of right angles. This is 
covered by two alternatives: 


Hither L= m,=cosé, —l,=m,=sin 6) 


or lL, = — m,= cos 8, l= m,= sin 0) 


(13) 


In the first case the axes Oxy are obtained from Oz’y’ by a 
clockwise rotation through an angle @: in the second they 


Yr Be Y 


O ead 5 GB 
if II III 


require, besides, turning over, to bring Ox into coincidence with 
Ox’ and simultaneously Oy with Oy’. 

This set of congruent right-angled triangles illustrates the 
point. The origins are separated for clearness. All such coplanar 
triangles fall into two classes according as whether, by a rigid 
displacement in their own plane, they can be superimposed or 
not. In the figure, I and II are in one class, III is in the other. 

Algebraically the classes are included in one statement, easily 
verified, that 5 


a Soiled gh Sei) 


[ar 


Le iit 
and they are distinguished by extracting the square root. Thus 
af | M| = 1, Oxy, Ox’y’ belong to the same class; 
of | M| = — 1, Oxy, Ox’y’ belong to different classes. 

We observe that for both classes of orthogonal transformation 


there are two absolute invariants derived from the results (9) 
and (10), namely, 


a’ +b’=a+5, 


15 
OWS <=) = G1 a?) 


The importance of the above simple and well-known division 
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into classes lies in the fact that it typifies the general case of 
orthogonal transformations for a set of m variables, not merely 
two. If we call the classes right and left handed, for distinction, 
a frame of right-handed axes can be brought to coincide with 
another right-handed frame by a rigid displacement in its own 
space; but an extra dimension of space is needed for a rigid 
displacement to bring it into coincidence with a left-handed 
frame. We shall return to this in Chapter IX. 

It might be supposed that the absolute invariants are more 
important than the relative, but such is not the case, as the sequel 
will show. Speaking generally, the absolute invariant corresponds 
to a part of geometry which is merely a special case of something 
more general. The relative invariant is the important one. 


All these expressions have a geometrical significance. For 
instance, U, = 0 represents two straight lines through the origin. 
If ab — h? = 0 the lines coincide, and if this is so, no mere change 
of axes will separate them; consequently a’b’ —h’*=0. But 
we can go a little further, supposing two real frames of axes, 
real co-ordinates, and real coefficients, so that | M|?>0. Thus 
ab — h?, a’b' — h” are both positive, or both zero, or both 
negative. This is illustrated by the conic given by F = 0, 
the cases of ellipse, parabola, and hyperbola answering to this 
threefold classification. 

Also if a+ 6 vanishes and the axes are at right angles then 
U, = 0 represents a pair of lines at right angles. A change to 
other rectangular axes at the same origin leaves the property 
unchanged. This explains why a + 6 is an orthogonal invariant. 


3. Development of the Invariant Theory. 


The discovery made by Boole in 1841 was soon reinforced 
by an almost accidental observation by Eisenstein of an invariant 
belonging to a binary quartic. At once this attracted the 
attention of Cayley, Sylvester, and Salmon. Four years later 
Cayley put the subject in a more important light by asking two 
significant questions: (i) whether these ideas could be extended 
to binary forms U3, U,, ..., U,, of all orders, and (ii) how far 
it was possible to discover all such invariantive functions? 

To these ends he invented a device which he called hyper- 
determinants, not unlike the device of denoting chemical sub- 
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stances and reactions by symbols and equations. He exhibited 
the properties and behaviour of hyperdeterminants, making a 
practical working tool of them. Out of this calculus modern 
algebra may be said to have sprung.! 

In answer to Cayley’s first question we have the systematic 
development of binary forms. The functions U,, U3, U,,..., U,, 
already introduced are called the binary quadratic, cubic, quartic 
(or biquadratic),..., n-ic. We shall find it useful to call the 
rational integral function of order n in its arguments, a polynomial. 
A homogeneous polynomial is a form or quantic. 

The order n is the highest degree in which the arguments 
occur in a term of the polynomial. 


4. The Binary Form or Quantic. 


We write the binary n-ic, U,, as 
U,, = G)0" + na, vy + @ Ax" yr? +... ta,y", (16) 


which Cayley shortened to 


(Gig Uae. oe, ay) Aer) 


The binomial coefficients do not make this any less general than 
the corresponding form 


Poe +P, Ys. Pay” - + (18) 


which is sometimes used. They possess several clear advantages, 
especially when what are called polar forms are used, as we shall 


see later on. 

We assume the theorem that the equation U,, = 0 has a root, 
and consequently, by repeating the argument, that U,, itself 
has » linear factors. Namely 


Up, (e— ay) (e— py)... (e— Ay), = (19) 


The set of m quantities 


OC wets aig A 
are the roots of the n-ic U, = 0 


1 See an enthusiastic remark to the British Association (1869) by Sylvester, 
recorded in Collected Works, 2, p. 656. 
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On multiplying out and comparing coefficients in (18) and 
(19) we obtain the relations 
Ma=a+t p+... tA=— p/p, 
LaB=ap+ay+...= palo: 
LaBy=aBy+aPBs+...=— ps/Do, . (20) 


aBy...A=(—)"p,/Po: 


Here XaB8...« with r factors has terms, found by all 


the combinations of 7 different letters chosen from a, B,..., A. 
These are the elementary symmetric functions of the roots. 
They are called symmetric because any derangement of the 
letters a, 8B, ..., A makes no difference to the functions. 


Peres eet! 

Manitestly any product (2) at the i and therefore any 

Po- «Po Po 

polynomial in the ” ratios p,:, is a symmetrical polynomial 
in the n roots a, 8, ..., A, as direct substitution would show. 
It can be proved conversely that any symmetric polynomial in 
the roots is a polynomial in the 7 ratios p,:. The emphasis 
here is on the word polynomial, so that the functions considered 
are rational and integral, although if n > 1 each root a, B,... 
separately is a very complicated irrational function of the 
coefficients /,.. 


5. Gradient. Degree and Weight. 


A polynomial function ¢(a) which is symmetric and homo- 
geneous in the roots is a sum of such terms as 


ae) BY.) 

Po’ ‘Po Po 
where A is a numerical coefficient. The factor p,/p 9 is of degree 
r in the roots a. Hence for homogeneity in the roots, the 


pea ws=e~tajt...tnl° . . . . (22) 


(21) 


is constant for each such term. This number w is called the 
weight of the term. It is given by counting the total of suffixes 
of the p’s in the term. Also it gives the degree of d(a) in the 
set a, B,..., A, as relations (20) at once indicate. 
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After multiplying throughout by py)”, we can write of such 
a form, 


Po P(a, B,---, A) =P (Po; Pir +++ Pn)s G4 (23) 


where both ¢ and % are homogeneous polynomials in their argu- 
ments. For p) no longer occurs in the denominator of any term. 

Such a function # is isobaric, i.e. of the same weight w for 
each term. It is also homogeneous in the set p, since multiplying 
each of pp, 1, ---, P, by the same quantity ¢ leaves U, = 0, 
and therefore the roots a, B,..., unaltered. It is sometimes 
known as a gradient. 


6. The Induced Linear Transformation of the Binary n-ic. 


A binary form U,, = (dp, a, Gg, -.-, Gx, y)” contains two 
sets, the set of coefficients 


Cea COR Or eG) ne ray hee C2) 


and the set of variables x, y. It may seem a trivial remark, but 
it is one with far-reaching consequences, that a.form is linear 
in its set of coefficients. 

The transformation T (2) from x, y to z#’, y’ is conveniently 
symbolized by an arrow. We write 


ama Gite « Van) eel <a Ze gh ) 


where xz and z’ do duty for x, y and wz’, y’ respectively. For 
this reason it is preferable as a rule to use 2, v, rather than 
x, y for two homogeneous variables. 
By solving equations (2) we obtain the inverse transformation, 
written 
Pat mm Gi: Bs cr a per (os) 


Provided the determinant | M | of the transformation is not zero, 
this can always be done, even in the case of more than two 
variables. 

The first important result of this theory is that a form of 
order n remains a form of order n after linear transformation of ts 
variables x, y. 

Thus, substituting for xz, y in terms of «’, y’ we write 


Oar UG RY ler tee my E27) 


hat n ye PHL) rain 
Beane Gt ee Ce = Ot aes Oo, Ys % (28) 
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This introduces a new coefficient set 
t / {2 
he. ys ee, HO ann bese) eee 
such that each a,’ is a linear homogeneous function of the original 
set of coefficients a as in the particular case already worked 


out for the quadratic (6). The actual values of ay’, ay’, ..., a,’ 
are best determined by Taylor’s theorem. Thus 


U(a,y)=U(ho’' + my’, a’ tmy’). . (30) 


But U is homogeneous and of order n in- a, y. So if y’ = ta’, 
we have 


U(a,y) =a" 0 (4 + mt, Pmt)... (31) 


Expanding this as a function of two variables 1,, 1, by Taylor’s 
theorem, we get 


0 0 te 0 ON 
mf el SI oc eee nae ee Sega 
pe +e may + maz) a +7 lmaz tar) ee 
in which m, Me are treated as constants, and U denotes U(l,, 1,). 
Again 
/ y / VT) n A | ell LA Taney 
Uae) dae teat (Cay y"+...fa,/y 
=e Og verges ale 


Comparing coefficients of ¢” in these two equivalent expansions 
we have the following result 


Age = Ub) = (Gy, Gas - 50, Ol, 


il 0 
a,’ = —(m =) U (1, ly) 
LSD ON hee) 
Be (m 5) Ul be) 


0 0 C 
where (m =) denotes m, al, + Me ai," 
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As an illustration of this general set the reader is advised 
to write down the set of coefficients dy’, ay, dy’, ay’ of a cubic 
after transformation 7. It is important to appreciate that the 
relations giving dy’, a,’ ... in terms of the old coefficients 
M%, , ... are linear in these. We typify this by writing 


Ly id > a, 
d ] 
and conversely Tee 
to denote the inverse transformation. This is a special case of 
the linear transformation of a set of n+ 1 quantities. Since 
the coefficients of the a’s are functions of 1,, m,, l,, m, and are 
thus completely determined by the coefficients of the original 
transformation 
Tia—>z 


we call 7, or 7, an induced linear transformation. 
Evidently there will be a close connexion between the deter- 


Lm, 


minant of T and the determinant A of 7; in fact it is 


oe 
A raised to the power $n(n + 1). 


EXAMPLES 
1. For the quadratic, prove 
L? 240, t* 
A=j;hm, lm,+lm, 1m,|= (hm, — l,m). 
| m2 22mm, Mo" 
is EUs Bloc. pe 


9 12m, Qlgm, + 1? my, Myla? 4- WAylymy, — 1y? My} _ (11m, — Iyam,)®. 
Lm,2, lom,2+ 21mm, 2mymel, + lym,2, lym? 
my*, 3m," Ms, 3mym,", m° 


l, L? 1,3 L i 1? 
Use col, — i col, + 73 col; — *, col, col, — 2 i col, + 3 13 col,, &c. 


2 2 le 2 2 


8. Generalize the result. 


7. Polar Forms. 


In this last set (32) we have an example of the very important 
process known as polarization. It will be seen that the first 
coefficient dy’ is the binary n-ic 


U (ly, bg) = (Gos Qt oe +s Gn Gly, ly)”, 


138 BINARY FORMS [Cuap. 


with /,, 1, substituted for x, y. The other coefficients ay’, a’... 

are the first, second, ..., mth polars respectively of a,’ with 

respect to m,, mM. These equations serve to define such polars. 
In particular the last a,’ is the n-ic in m,, mp, 


(dy; Cy te Op Oe eta) 


All intermediate coefficients a,’ (0<r<n) are examples of 
double binary forms: they possess double orders. Thus a,’ is of 
orders (n — r, 7) in the sets 1,, 1, and m,, my respectively. 


EXAMPLES 


1. Write down the first and second polars of the quadratic aa," + 2a,x)x, 
+ dy %_" with regard to the set y,, Yo. 


ANS. Uo XyYz Ay (LYq + Lyi) +> AyyYq ANA A gyy? + ZayyyYo -- Aghfo”. 
2. Form the first and second polars of the cubic ayx,? + 3a,2,7% + 
3g X1 Vy" + AzX° with regard to the set y,, y. 


8. Find the 7th polar of the binomial n-ic ax," + bx n with regard 


tO Yi» Yo 
PATS eel ae Gs te OUN a of 


8. Formal Definition of Invariant. 


Tf a binary form £ be changed by a linear transformation T into 
a new form f', and a function I of the coefficients of f' be equal to 
the same function of the coefficients of £ multiplied by a factor 
depending solely on the transformation, then I is called an invariant 
of the binary form {. The form f is called the ground form. 

Let us write 


l= [(G)= 1 @py Gi, das oe @,) 


to denote an invariant of the binary n-ic, whose coefficient set 
is 


@= (pq, A, Uy, ..-5 Ay) 


Further, let 7: x—> 2’ induce the transformation T,:a—> a’, 


so that Z(a’) would mean the same function of the n+ 1 argu- 
ments 


i 


A Ie 
Cig Oia. satay Ae 


Then if 
I(a’) ary b(l, 5) ly, my, Mg) I (a), 
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where ¢ depends solely on the four quantities l,, /,. m,, ms and 
not on a or x, [(a) is an invariant. 
This definition follows from Boole’s discovery. 


Examples.—A = (ay a3 — @ dy)? — 4 (dy dg — a4?) (4, 4,— 4,2) is an invari- 
ant of the binary cubic (ay, a1, dy, a3 $a, y)°. 


For the quartic (dp), @,, 4, 43, 4 4, y)*, invariants are 


@ @) a, 
ey hss Cy 
Mp Gg Gy 


3 


I= aya, — 44,4, + 3a.7, J= 


9. Simultaneous Invariants. 
Let us reconsider our quadratic 
U = ax? + 2hay + by?, 
to which we adjoin a second, 
V = Az? + 2H ay + By’. 


These in turn lead to a singly infinite system of quadratics typified 
by 

U + AV = (a+ AA)? 4+ 2(h+ AM) ay + (b+ AB)y’. 
Now consider the discriminant of U + AV, 


atAA h+AH 
h+rAH 6-+AB] 


It can be expanded in powers of A and written 


(ab — h2) + A(aB + BA — 2hH) + 22(AB — HP). 


But if a linear transformation 7 changes x to z’, a to a’, &e., 
we can write 

U’ + AV’ =U+OA’d. 
In particular 


a +A’, h’'+ XH’, 04 AB’ 
are the new coefficients of the quadratic. Hence, by (7), we have 
identically 
a’ + AA’ h’+ AH’ 
h’-+ AH’ b'4+ AB’ 


at2rA, h+AH 


= (l,m, —1,m,)? iva penal 
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This is true for all values of a, h, 6, A, H, B, X and therefore we 
can equate coefficients of A on each side. Thus 
a’b' — h’? = | M |? (ab— h’), 
a'B' + b'A' — 2h'H' = | M |? (aB+ bA — 2hH), 
Al DB Hes Ae re) 


The first and third statements here tell us nothing new, but 
the second gives important information: it satisfies the charac- 
teristic invariant condition although it involves double as many 
coefficients a, h, b, A, H, B as the original quadratic. It intro- 
duces us to the new idea of a simultaneous invariant. 


Definition of Simultaneous Invariant.—Jf (a), (b), ... denote 
the sets of coefficients aj, a,,.-.., bo, by, ... of different quantics, 
then I(a, b,...) 7s @ simultaneous imvariant of these quantics, 
provided 


LQ, O3652) =O (Gailey Wie Me) LAO) 
identically for all values of the sets (a), (b), . 


10. The Aronhold Operator. 


The above quadratic example leads to a general theorem due 
to Clebsch. Consider two p-ics 


Ua (ay, Op 55 a, § 2, yy”. 


33 
Vas Pinas PRR a ves 


and the pencil of p-ics given by 


UL AV = (ty + bg) 2 + + (?) ab ABO Ho 
SP (Opt NDE) ie ne eee eo) 


Here is an example of the addition theorem of linear sets. In 
the matrix notation we could write the coefficient set of U + AV 


[a+ AD] = [ol-- Afol.. = 2 © a) 


Let T:a%—>«’ be a linear transformation changing U to 
U’, V to V’, and therefore giving a,’ linearly in terms of set [a], 
b; linearly in terms of set [b]. Hence 


[a + Ab’ = [a] Alo). oS 2k 86) 
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Now suppose I(dy, a, ..., @,), written I(a), to be an invariant 
of U, so that 


(a@)\=¢.. (a): 


Gee ie ease 1b) 


identically for all values of A. Expand both sides by Taylor’s 
theorem and equate powers of A. The coefficient of A on each 
side gives 


then 


/ i) 7 4) , , 
(0, na oe naj) Ete t's) 


3 , ) 
=8- (ose t- + bya) Eto: tas +--+) 0 


This is usually written in the contracted notation 


,o ned Set Mee 
(Vv )Taj=o.(b—)I(@. . . - (88) 
Likewise the coefficient of ” gives 
ioe er ae ON 
(v)Ta)=$.(0~)1@ . . . (9) 
where the arguments by,0,, ..., b, are independent of a, a1, ..., @,, 


and so must not be differentiated in the course of the work. 
But these last results yield functions of both sets [a], [b] which 
satisfy the invariant condition. 

We conclude that the operator 


0 ee 
Ce eee at ie, sn HED) 
( a i=0 0G; ay 
applied to an invariant involving dp, a, ..., @, produces an 


invariant. For this reason it is called an invariant process. 
In particular from a rational integral homogeneous invariant of 
degree q in the set a, a, ..., @,, it produces gy — | simultaneous 
invariants involving both sets [a] and [5]. 


The name Aronhold operator is sometimes given to ( a 
after one of the founders of the theory. oa 


Definition of Invariant Process.—Jf the effect of a process R 
applied to a function of the original coefficients a is the same as 
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that of the process applied to the corresponding function of the new 
coefficients, save for the factor 4, then R is called an invariant 
process. 

Formula (38) is an example of this; and it will appear that 
polarization in general is an invariant process. 


ll. Multilinear Invariants. 


The invariant GB pA one 
which is a bilinear form in the sets a, h, b and A, H, B, could be 
written 


; 2 F 
ae a eee 
( peer fee =p) ) 


as an illustration of the Aronhold process. Suppose, however, 
we had a homogeneous invariant of degree q in a set Mp, d,...,@ 
We write it Pasl (o 


p° 


and proceed to operate with (b a It produces an invariant 
a 


homogeneous in both [a] and [b] of degrees g — 1 and 1 respec- 
tively. We could write it J,, so that 


I,(v', 6) = ¢ . 1 (a, 6) 
identically for all values of [a], [b]. Now we choose a third quantic 


(Con Gr, 0s Cp O eete 


and operate with (c sia on J, treating both [c] and [b] as indepen- 
Oa’ 


dent of the set a, @,...,@,. The result as before is an invariant, 
this time lnear in [6], linear in [c] and of degree g — 2 in [a]. 


Thus 
L(G bye) (c 2) LG. 0) (c i) (b a I(a). 


Proceeding in this way to q operations involving q different 
quantics all of order p, we finally deduce a multilinear invariant 


I, (0, Crees k) 


involving ¢ sets of coefficients [b] ..., [k] of q different pics. 
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Again, since the coefficients bj, ..., k,, have been taken quite 
generally as independent of ap, ..., the Aronhold operators 
are commutatie. In fact 


Uys 


Ce aa ae OO 


It follows that J, is symmetrical in [6], [c] and therefore in all 
of b, c,..., k. This means that the gq! arrangements of 
b, c,..., are equivalent, so that 


1,(b, 6, ..., R)=1,(0, b, ..., =... 


Further, by Euler’s theorem for homogeneous forms 


0 P ol 
(a5, ) = 2 aise q1 (a). 


Hence we infer that the result of putting [b] = [a] in (6 =) I(a) 


is merely to multiply (a) by g. Thus we have a useful theorem: 


Every invariant of a binary p-ic f, homogeneous and of degree 
q in the coefficients of f, may be regarded as a special case of an 
invariant at once linear and symmetrical in the q sets of coefficients 


of q binary p-tes. 
EXAMPLES 


1. orm an invariant of two quartics (do, a, a2, G3, ay Ya, y)* and 
(Oy Cres Onn Or Ya, y) )* linear in each. 
Ans. dyb, — 40,63 + 6a.b, — 4a3b, + ayby. 


2. Form an invariant linear in a quartic and of degree two in a 
quadratic. 
/Zint.—Consider the square of the quadratic as a quartic. 


12. Covariants. 
Let us once more return to the binary quadratics 
U = az? + 2hay + by? (41) 
V = Aa? + 2H ay + By? 
and form their Jacobian (§6, p. 124) or functional determinant 
oU oV 
Oe Oe! AUG 
A= mu de ayeteitype eae) 
aU av) o(%, 4) 
Oy oy 
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introducing various useful notations. 


az+hy Ax- 
he+by Hx- 


_ Hy 
- By 


=4 


say, which is another quadratic. 
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[CHaP. 
This is 


(ax? + 2Bay -- yy"), (48) 


Similarly, with the accented 


notation for the effect of the transformation 7’: 7 — za’, we 


have 


py! gq -- hia if He a +. H'y’ 
a’ v2 -- 2 Meet eh 
ie 2p oY 7] Sg y y! *) = ie gq! + vie 1k a! +- By 
GIO TN 
Oa"? da’ 
Seh= (44) 
ou’ ov’ 
dy’ oy’ 
But U (a, y) =U (ey), Veg) = he a Accordingly 
OU" dU Or, oul Oy. Oa oU 
dx’ Ox Oa’ ay CL. he Oy? 
oU'’ oU 
and ae —+ Me = By 
Similarly for V. Substituting in (44) we find 
oU OV Vv | 
— + b Le 
me “Oy” Ox oy 
oU oV OV 
[Nee Ms — a Hae Tee ag | 
rae oU oV 
oe On Ox 
= = Md: 
My, mM ae 
Sal gae 


This introduces us to a covariant of the given forms U, JV, 
namely a function of their coefficients, and their variables x, y, 
which maintains itself after linear transformation, but for a factor 
depending solely on the linear transformation. 


Definition of Covariant:—In the notation already adopted, a 
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function C of sets [a], [b], ... of coefficients of different quantics 
whose variables are x4, Xz is a co-variant, if 


CCG. et =O (Geli. 3) C(O. 0... a) 


identically for all values of a, a, ..., bo; by, .- 5 Xp, Xo 
In the above example C is the Jacobian, which is a function 
of eight arguments a, h, b, A, H, B, x, y. But in detail it is bilinear 
in the sets a, h, b and A, H, B, while being quadratic in the set 
_ of variables x, y. 
In what follows our chief concern is with rational integral 
homogeneous invariants and covariants. 


13. Relation between Linear Forms and Covariants. 
The simplest quantic to deal with is the linear form 
Teh Cala) ee AAD) 
Presumably invariants exist .mvolving this and other forms. 
For example, it is easy to verify that 
Ugle — 20,0, 4-Anej7 . . « « (46) 
is an invariant of # and the quadratic a) x,? +- 2a, 7 %_ + Ay 7,”. 
In fact if a—> a’, e— é’ denote the linear transformations, we 
have, by (32), 
/ / 
Gi =e, 1 Le é,| M| = me’ — hes (47) 
, or ii Be / 1 1 
Cy = My ey > My ey —-€ | M| == me’ — hep 
But 


Ug B47 + Qay Ly Bo Ay Vo? = dy H* + 2a,’ 2,’ %_"+- ay’ Z* (48) 


identically for all values of x, 2. So, in particular, let 


r , ape , 
by 55 Ty St 
then (49) 
t= 1,0,’ + my 2! == — ley’ + me,’ = —e|M| | 
t= lata m@, = — Le, ime, = e,| | 


Substitute in (48): then 
Oy, Ep? — Day’ ey" ey’ + Gye)? = | M |? (aye.2 — 2a, e,¢, + a,€,”), (50) 


which exhibits the invariant property. 


This feature is true in general; indeed any polynomial co- 
( D 884 ) ity! 
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variant can be looked upon as an invariant of the linear form 
€,%,+ 2. For if C(a;, 21, %) denotes the covariant in question, 
a; standing for the coefficients of the ground form (or forms), 
then by the characteristic property 


OG Ne We Y= O OG ayia) oe ee Ou 


Since x, = ty,, = ty, is a particular case of the linear trans- 
formation, then 


Clays Yo Yo) = Fb Clay tyy, tye), . . . (52) 


where ¢ depends solely on ¢. This implies that C is homogeneous 
in the variables y,, y2 as the contrary assumption at once is seen 
to be impossible when applied to (52). 

Hence (51) is homogeneous in 2, %, and, let us say, of order 
w. Using (49) this at once yields 


Ca, — &!, &') = $C (a; — | M|, e| |) 
=¢|M|*:C(a;, — &, 4). 
This shows that e,, ¢, enter the function C precisely as e¢,', 


do, so that the function C(a,, — eg, e,) is an invariant of the 
original ground forms together with the linear form e, 2, + @) 2». 


CHAPTER 1X 
THE GENERAL LINEAR TRANSFORMATION 


1. Cogredience and Contragredience. 


The binary forms have served to introduce certain ideas 
which can easily be generalized. We shall now be concerned with 
forms in ” variables 


Tel Mayan gp es 
which undergo a linear transformation 


E. , , , 
= €)5) + I %y + OX, ; 


T° Ge = Ga, + te +... be, 2%); ee) 
Ly = Cay. a Ny Ly aura el ae 
or T,.:2— 2’. Let M denote the square matrix of coefficients 
é,,...,@,, and | M| its determinant, so that 
& om --: a | 
ate” hs : a (eee (enn), (2) 
& Nn Wy 


which must not vanish. The variables and coefficients may be 
real or complex numbers. 
Let the co-factor of €; in | M| be X;, and the reciprocal of 
| | be 
Geab ee velit. 
eae! (3) 
| 12 
so that £'= X /| M |. &e, 
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If we multiply rows of 7, by 4, &,..., €” respectively and 
add, we have 


wv 
te == El pet 62 on eee ay 
and similarly 
Fess 2 n 
La SO) Vet On 
eee . (4) 
, 2 n 
C= wid, ones = + ww" Lp 


This set of equations, which forms the inverse transformation 
of T., can be written 
DO ge 5 Ss he ana 


It exists provided | M | is non-zero. 
Now suppose we have a linear form 


(a |e) a ey a es Ue 8) 


let us consider the effect of the linear transformation (1) upon 
(u| x). Manifestly it gives a form linear in the new set [a’]; and 
if we denote the new coefficients by w,’, Us’, ..., U,’, we have 


(u | a) = (4,6 + Uebo +... .-+ U,&,) ay Ae... 


Ge ey PPA: (7) 
+ (Uw, + Up We + .0- + Uy @y) Ly = (ub | x’), 


where the new coeflicients uw’ are linear functions of the old. 
Accordingly we write 


/ 
Uy Ex Uy Eo Uy Paate nUn> 
, — f Y 
pi . Ug —- 4 Uy Ne Ug pie Nn Uns (8) 
U ‘ . . 
,— | | 
Un, = Wy Uy + Wollg +... + Wn Un- 


Here we have another instance of an induced linear transforma- 
tion u’ —> u, where, it will be noticed, the coefficient matrix is 
the transposed of matrix M in (1). We therefore write it M’. 
By solving this set (8) we obtain the direct transformation 
w—> w' which shall be denoted by T,,, so that its inverse 77! 
denotes (8). Thus 


Uy = Fy! + ee’ +... tou,’ 
pr ok Seen oe ee Seed) 


, ae n, , nD, ? 
Uy = SPU! + Puy’ +... + wu’. 
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In this way we arrive at four transformations 7, 771, 7,,, T7' 
as stated im (1), (4), (9), (8), whose matrices are M, M~', (M’)~}, 
M' respectively. When two such sets [#] and [w] undergo such 
transformations, (1) and (9), they are called! contragredient sets, 
and the same name is given to the corresponding transformations 
T,, T,,. Further if y,, Ya, ..., Y, 18 another set of variables which 
undergoes the same transformation as 2, %, ..., %,, namely 


Ea iG Oe | iy 
Ge Ne ess 


then the sets [x] and [y] are called cogredient. 

The simplest formal definition of cogrediency and contra- 
erediency is to take them as follows: 

Two sets of n variables [x] and [y] are cogredient vf a linear 
transformation of matrix M for x — x’ induces the transformation 
y— y’ with the same matrix. Two sets |x| and [ul] are contragredient 
of, when x— x’ and u—> Ww, the wmner product u, remains an 
absolute invariant, namely 


Ue WA Uy Dy ya eo te eg By y. 2 LLY) 
or simply (w| x)= (w’| 2’). 
Starting from this fundamental condition, which must hold 


identically, we can at once deduce equations (8) from equations 
(1) by substituting in (11); or conversely. 


2. Linear Transformations in Matrix Notation. 


Let U denote the single-row matrix 


[aeile eect lias ae oe 2 (12) 

and X the single column matrix whose transposed is 
EXE ta Ma rh aats. Dy |e Se gee vane dB) 
Let Kea ee. a. Sr ae eh 


Then the general linear transformation (1) 1s a direct example 
of the product of matrices, and can be written 


Figee so KCP GS Catamaran bE) 

1 Sylvester first developed this theory, and gave these names to the sets [w], 
[a]. Cf. Cambridge and Dutlin Mathematical Journal, VI, VII, VII, IX 
(1851-4). 
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as is immediately apparent when it is written in full. Next let 
cogredient sets be denoted by single-column matrices X, Y, 


Z.... If they transform to X, Y,Z,..., then by definition 
of cogredient sets 
X=MX, Y=MY, Z=MZ. . . (16) 


We deduce by fore multiplication with M~* that 
MAX=X, MOVYSY, MU Z=Z. © 7) 
Again, by (11), the contragredient sets U, X satisfy the 


identical condition between two inner products, which in matrix 
notation is 


OX OX ard doe fleet Ss) 
Hence by (15), UMX = UX, 
identically, so that 

GMs: Og « iia ete eS) 


which is the matrix equation for (8). Solving this we have 


Ue UM pa: ha nee gee) 


which is the set of equations (9). By (9), p. 70, we may 
transpose these last results to ; 


CSU VL 


giving the same actual equations when written in full. 
If V is a set cogredient with U, then by (19) 


V=VM, 
whence VS a 


so that V is contragredient with X. 


Thus we arrive at the conception of a number of matrices 
or vectors of the first kind X, Y, Z, ..., and a number of 
matrices or vectors of the second kind U, V, W, . . ., such that 
vectors of the same kind are cogredient with each other and 
vectors of different kinds are contragredient. All such matrices 
have rank unity (or else zero), for they each consist of a single 


row or column. Sometimes they are called tensors of the first 
rank. 


IX.] APPLICATION TO GEOMETRY AND ANALYSIS 11 


The two chief applications of this co- and contra-gredience 
are first in geometry and secondly in analysis, as the following 
merely preliminary examples are designed to show. 


EXAMPLES 


1. If n= 3, X may represent a point whose homogeneous co-ordinates 
referred to a triangle in a plane are 2, %, #3. If u,, w2, wz are homogeneous 
line co-ordinates the equation of a straight line is 


Uy Hy T= UnHy + Ug Xs = 0. 


Tf a new triangle of reference is chosen such that 2,’, %2’, 73/ are the co- 
ordinates of the same point as before, and w,’, us’, us’ those of the same 
line as before, then the characteristic contragredient condition uz = u’z' 
is satisfied. Hence in a plane, homogeneous line and point co-ordinates ure 
contragredient sets. 


2. Sets of co-ordinates of coplanar points X, Y, Z... are cogredient. 
8. Sets of co-ordinates of coplanar lines U, V, W... are cogredient. 


4. Points and planes in threefold space are contragredient. [Here 
n= 4.] 
5. If 9 is a function of 2 variables x, y and x= r cos0, y= r sin®, prove 


that the set [dx, dy] is contragredient to = aM relative to the linear 
y 


transformation of differentials from [dx, dy] to [dr, d0]. 


For let © (a, . = OG - == (0) 

00 00’ 
Then ea. dx Cay = 5 Ap eee + 3g do. 
Also dx = cos0 os —rsin§ dé 


dy = sin0 dr +r cos0 do. 


These last give a linear transformation, of modulus 7, for the differentials 
dx, dy in terms of dr, d0. The proof is now immediate. 


6. Write down the induced linear transformation of 28 2 
[ee = cost) ~ = _ sin 8 Ape —r sin@ 20 teat? ee =. 
dy 00 
es) 00 ' 
4%. i w=2(p, 9), y=y(p, q) prove that [dx, dy] and | — ae, are still 


contragredient, relative to the linear transformation oe ial — [dp, dq], 


provided the Jacobian O(x, y) 0% Oy Ox dy 
infinite. a(p,q) Op oq eq Op 


[This Jacobian is the determinant of the linear transformation. ] 


neither vanishes nor is 


8. Generalize this for mn variables, x,, %, ..., %, proving that 
: 00 90 a0 | : 
Bly CHB Oe d ie ,+.+,—— | are contragredient sets. 
dariddss , dx] an Bu,” ity ee g 
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3. Orthogonal Transformations and Matrices. 


We gain a clearer idea of cogredience and contragredience of 
sets of variables by considering a particular case in which the 
distinction breaks down. It is called the orthogonal transfor- 
mation, an example of which has already been considered (§2, 
p- 130). But thegeneral orthogonal case ismost fruitfully developed 
by starting with the characteristic property of contragredience of 
two sets (w) and (x) and seeking to make it hold of a single set 
(x) with itself. 

Let X = AY be the linear transformation with non-singular 
matrix A for a column set X = {a%, %, ..., %»} in terms of 
another such set Y= {y,, Ya, ---, Y,}. Then by transposition 


X' = [G, Lg, ..., Lp], Y= [415 Yor +++ Yn) (21) 
and, for the imner products, 
SONS BP a a? (2 a) 


VY = pee 2 | De (22) 
Yet yor+ ... + y2= (yy). 


Definition of Orthogonal Transformation The homogeneous 
linear transformation from, x, %s,0.4 Sy tO Yy, Vos os. 2 Vauts 
orthogonal if the condition 


2 _] 2 | 


Co Ve ats a yy yl Yo eee (23) 


as vdentically satisfied by performing this transformation. 
This condition can be written in either of the equivalent 


forms , ' 
XX=VY, (¢|)=ly). . . (24 
To fix our ideas, let the typical case when n = 3 be taken. 
Then we suppose that the following transformation is orthogonal: 
Ly = UY + by Y2-+ Ys, 
By = Ag + OeYo+ C3, . . « . (25) 


Lz = Azify + Ds Yo + C5 Ys, 


also written 


Ly mq bh Yy 
Ly | = | a, by oy Yo, | > - . (26) 
Ls ds 0, Cs Ys 


or simply 
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Thus, if when » == 3 the substitutions (25) are made in (23), 
the result is a quadratic condition involving terms in y,?, 4,2, 
Yo"s Y2Y3> Y¥sY1> Y1Y2- Since this is true for all values of y,, Y, Y3 
the coefficients of these six quadratic terms must vanish identi- 
cally. This gives 


Ay? + dg? + a3?= 1, bye, + dye + bse = 0, 
by? + bo? + bs? = 1, C0, + CyGg+ ¢343=0, (27) 


2 2 ee = 
Gia @ 4 — 1, @,6,44,0;4-d,0,= 0, 


which is completely specified by the matrix equation 


Gi, “Gh Cs UE EX TRON ie 
Ge MC Ce CEOs 6. seit ae 


or simply 
I = el ie oC) 


which is also true for all values of n. 

This last result characterizes the orthogonal matrix, namely 
the product of an orthogonal matrix A and its transposed A’ is the 
unit matrix. 

Further if A’A = J, then the product of the corresponding 
determinants gives 


eta Mith) ae Aleit ak (80) 


so that the determinant | 4 | is -- 1. In either case the inverse 
A exists, for the matrix is non-singular. 
Now 
AAA = AAA) = Al =x. 


Hence by after-multiplication 
GACH Agee AAS =] 


so that A A’=T: hence an orthogonal matrix commutes with is 
transposed, and 


AAR AA a NEP OO 1) 
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Conversely, if A’A = I, we deduce the original property (24) of 
the sets X, Y. For it 


XEZAY, A es YAS 
then, LX Nes OV A! CAN Yee Veet A Ve ee cae 


which exhibits the required property (24). 

If we expand the result (31) to its full implication, when 
n = 3, we obtain the six equations (27), together with a further 
six due to transposition. Thus we interchange the sets of suffixes 
and letters in (27) and obtain 


2 2 ——— — 
Gn? + 67-671 Anz + babs + Cy¢3 = 0, 

2 2 pea = 
an? + 0,7 + ¢7 = 1 dz, + bb, + csc, = 0, . (32) 
as? + bs? + ¢,2 = 1 1 Aq + b,b, + 46, = 0. 


Similarly, for » rows and columns the conditions (32) imply 
conditions (27), and conversely. Counting the number of such 
equations (27) in general, the number of necessary and sufficient 
conditions for A to be orthogonal is 


pe cae: 
2 
n(n — 1) 


hod 


Since A has n? elements, there are therefore arbitrary 


constants involved in an orthogonal matrix. 

A simple way to remember the conditions (27) or (32) is this: 
the inner product of two different rows (or two different columns) 
of the orthogonal matrix is zero; that of a row or column with itself 
us unity. 

It will now be seen that the binary illustration of §2, p. 130, 
fits in with this general treatment of the orthogonal matrix. 
Further, since | 4 | = + 1 the notion of right- and left- 
handedness can also be attached to a general orthogonal trans- 
formation. 


EXAMPLES 


1. If A is an orthogonal matrix, so is A’: and so also are A—1, A’—1, 


i cos0 — sin8 


: is orthogonal. 
sin§ cos0 z 
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3. If x= 2’ cos0 — y’ sin®, y = 2’ sin0 + y’ cos0, the consequent ortho- 
gonal matrix characterizes the rotation of rectangular Cartesian axes 
through an angle 0. Its determinant is unity. 


4. Show that ee ain§ characterizes a change of axes obtained 
sin8 — cos@ : 


by rotation through an angle 0 followed by reversal of the axis of y’. Its 
determinant is — l. 


5. The ternary (x = 3) orthogonal transformation, when | A |= 1, 
characterizes a change of rectangular Cartesian axes with fixed origin, 
obtained by suitable rotation. 


{The matrix A gives direction cosines of old axes referred to new, or 
vice versa. } 


6. If | A | = — 1 the change of axes involves reflexion together with 
rotation. 
2. An orthogonal transformation, when | A| = 1, also characterizes a 


movement of a rigid body about a fixed pivot. 

For if P, Q, X, Y are column matrices, such that P= AX, Q=AY, 
then P’P = X’X, Q'Q= Y’Y, P’°Q= XY. And if these are interpreted 
geometrically for rectangular Cartesian axes, P’P means the square of the 
distance of a point P from the origin, while P’Q gives OP .OQ cos POQ. 
Hence the matrix conditions show that triangles PO@, XOY are congruent. 


4, Cayley’s Determination of the Orthogonal Matrix whose 
Determinant is Positive. 


Let S be a general skew symmetric matrix and L be the sum 
of S and the unit matrix J, so that if n = 3, we write 


e —b 1 ¢ —b 
Sete Om | Os as bee Ce ke AG |, (39) 
b—a . bce Gu rhe 


and in general 


S=—_S, Lats, Lat 8’ =1—S. (84) 
Also let X, Y, Z be the column matrices of three sets of variables 
{ a, Decal ae ON eis Uny > ie aera 


Then of X= LZ and Y= W/Z, the direct transformation from 
X to Y ts orthogonal, and yields the general orthogonal matria, 
whose determinant is positive, with the 4n(n — 1) elements of a 
skew symmetric matrix 8 for its arbitrary constants. 
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In effect this is the theorem of Cayley!; nor is it difficult 
to prove. To fix our ideas let the conditions be written in full, 
when n= 3; namely X = LZ, Y = LZ become 


f= 2+ Cl, — beg Vivo %— Ck, + bes 
Cg — CZ, + e+ 02, Yg= C0 =F 2p 2g (389) 
%g—=  02,— Az, 25 Ys = — bez, + dz%-+ 2 


According to this theorem the effect of solving for the set z in 
terms of « and substituting in the set of equations for y, will 
give us an orthogonal transformation from y to x. In fact 
since. X == LZ, therefore x ="Z 1, so that 4 == 27 


Similarly WA = Gd, 
But LL’ = (I+ 8) 7+ 8’) = (£+ 8) (L—S) 
and ’L= (1+ 8’) 1+ 8)= (2—S) I+ 8). 


Hence X’X = Y’Y, which proves the orthogonal property. 
Further, we have Y= L’Z, so Z=L'~'Y, provided L’ is 


non-singular. Hence 

Deana W Seer W/E, « aeeee Nae eet el) 
Since Z commutes with L’, it commutes with L’—'; hence LL’—! 
can be written without ambiguity as 


EL I+8 
Ge eo 
Thus the matrix A, which can be put into the form 
% I+8 

I—8’ 


where S is an arbitrary skew symmetric matrix, is orthogonal. 
There is no difficulty in calculating A, since (I+8) (I—S)7! 
is given by Z and the inverse of L’. In the case when 


: c —b 
S= =: : “| 
b —a ‘ 


1 Orelle, 82 (1846), 119-123; Collected Works, 1, 332-336. 
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we find 
] |-?—Y—e 2(ab+c) 2 (ac — b) 
lt@+Pte 14+42+-b?+ ee’ Tee 
(ab — ee Oe ny tee 2e, 2 
ieee ie eee aaa | ay 
+0+6+e0 1+@?+6+e 14+04+0+02 | 
2(ac+b), 2(be— a) oe | ee i iS 
lt+@+bB+e’ 14+¢@4+0+e2 14+04+80+¢e 


and the orthogonal transformation is 


Ty Yy 
% | =A] x 
vs Y3 


These formulze written in full are known as Rodrigues’ equations. 
They were also known to Kuler (1770). Their chief interest is 
that they give a rational solution of the problem, the simplest 
case, when n = 2, being familiar in the form of finding rational 
lengths for the sides of a right-angle triangle. 

To obtain, by any other means, a set of rational values of 
direction cosines of three mutually perpendicular lines in space 
referred to rectangular Cartesian axes is a difficult problem, as 
an attempt will readily show. 


EXAMPLES 
1—2 2 
1. Verify that A= 4 |-2 I 54 | gives an orthogonal transformation. 
—2—2-—1 0. 


2. Prove that if A is the Cayley orthogonal matrix, then | A | = 1. 


8. If p rows or p columns of the Cayley matrix are multiplied by —1, 
the result is an orthogonal matrix whose determinant is + 1 according as 
p is even or odd. 


[Apply the detailed test as in (37) ]. 


4, If J denotes the unit matrix with p negative and n — p positive 
signs attached to diagonal elements, then J(J + S)/(I — S) is the general 
orthogonal matrix, whose determinant is -- 1 according as p is even or odd. 


1 Rodrigues, Journ. de Liouville de Math., 5, 404-405. 
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5. Linear Transformation with Absolute Quadric. 
An important corollary follows, which concerns the general 
quadratic relation 
DG; %; 0; = VA; YY} . . . ° (39) 


OM Mata eats) U 


analogous to the simpler case already taken. Can a linear trans- 
formation of variables 


Die rae RA yak hoe A I Pral ce ete S| (40) 


from X to Y be found, such that the above quadratic relation 
is identically satisfied? The answer is given by use of a sym- 
metrical matrix @ = [a,;] = [a;;]; for the quadratic itself may be 
denoted by the matrix product 


X'QX. Shoe sae eey ok een) 


For example, ah q a 
[%, %, x3] L b ‘| | 
Colmes 


= at,7 + bag? + cx? + 2fayx5 + 2gu,x,+ B2hx, Ly. (42) 


Our condition is now X’QX = Y’QY, and this is secured by 


taking as our linear transformation 


I+ SQ 
hee ye 43 
[30 (43) 
S being an arbitrary skew symmetric matrix. For by transposition 
I— QS 
pee nh fe 44 
1408 7 


since Q’= Q, S’= — 8. Hence X’QX = Y’QY provided 


I—Q8 ,1+8Q_ 
T+ 08° I—SQ 2 


As in (37) the fractional notation is unambiguous. Multiplying 
fore and aft by J + QS and IJ — SQ respectively we have 


(Z— QS) Q (1+ SQ) = (+ QS) Q(T— SQ), (46) 


(45) 


which is true on expansion without the commutative law of 
multiplication. 
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I+ 8Q 


This matrix I— 8g is a function of a single argument SQ. 


Another matrix which has the same property, but which is 
not a function of one argument, for the order of its factors 
is non-commutative, is given by the following theorem. 


Hermite’s Theorem.—The matrix (Q+ 8)~'(Q—S) gives 
vise to a linear transformation which leaves the quadric X'QX 
unchanged. 

Proof.— 

Let R= (Q + S)~1 (Q — 8), so that, by the reversal law, its 

transposed is 


Bia S(O). (4D) 

Hence 
R'(Q+ S)\R= (Q+ 8)(Q— 8)" (Q+ S)(Q+ 8)" (Q—S), 
=@+8 i Eh ORO AAR A ee Co!) 


after cancelling the third and fourth factors and then the second 
and fifth. Similarly 


R(O=S)R = Q =. me. wt A. (49) 
Adding these results we have 

R(Q+8+Q—S)Rk = 2Q 
or BOR Ow ee se at ys 0) 
By subtraction, EO =e | ee ae. (OL) 
Hence as in (45) the requisite condition is satisfied, so proving 
the theorem. 


Corollary I.—The same matrix leaves the skew symmetric 

bilinear form 
X’SY=2% L855 Yj; (8; SSS S;i) 

unchanged, as 1s indicated by (51). 

Corollary I1.— The pencil of bilinear forms 

AX HjA;; Yj; + WU; 854; 
whose matrix 1s AQ + pS, is also left unchanged. For by (50) 
and (51), uf A and p are scalar, 
R(AQ + pS) R= AQ + WS. 
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6. Group of the Orthogonal Matrix. 


THEoREM.—The product of two orthogonal n-rowed matrices is 
orthogonal. In fact, if A and B are each orthogonal n-rowed 
matrices, then 


AAS BB = AAS BST, 


Hence 


ABB A’ = AIA = AA =, 
Thisit O = AB, then-C = Bb A and CO = ABBA 


which proves the theorem. 
This result is obvious geometrically by interpreting each 
matrix as a suitable rotation of axes about a fixed origin. 
Such a result typifies a property of fundamental importance 
throughout mathematics, namely the group property. In its 
general form the group is defined as follows. 


Definition of a Group.—A system consisting of a class of 
elements A, B, C,..., and one rule of combination, which will be 
denoted by 0, is called a group uf the following conditions are satisfied: 


(1) If A and B are members of the class, whether distinct or 
not, Ao B is also a member of the class. 
(2) The associative law holds, namely 


(AoB)oC=Ao(Bo0C). 


(3) The class contains a member I called the identical element, 
which is such that every member is unchanged when combined with 
at: thus 

Agl=I1oA=Az. 


(4) Answering to each member A is a member A", called the 
inverse of A, such that 


Ao (A>) =(4-)\0 A= te 


Simple examples of groups, which obey these conditions, will 
at once occur to the reader. Positive and negative integers with 
zero form a group, if the rule of combination is addition. In 
this case the inverse of A is — A, while T= 0. So the class of 
integers is a group for the operation addition. But not so for 


1Cf. Bocher, Higher Algebra (New York, 1919), p. 82. 
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subtraction; nor even for multiplication, since condition (4) 
breaks down. 

Non-singular matrices of the same order form a group for 
multiplication, the identical element being J. 

The totality of all displacements of a rigid plane lamina in 
its own plane form a group, if we allow the null displacement—no 
displacement at all—to act as the identical element of the group. 

Again, the totality of all linear transformations, from a set 
X of n variables to a set Y, form a group, provided the matrix 
M of the transformation is non-singular. Thus if X= MY isa 
transformation X — Y, and Y= NZ is another linear trans- 
formation, then 


X= MY =M(NZ)= (MN)Z. 


Hence (MN) the product of the matrices M, N determines the 
linear transformation from X direct to Z (§2, p. 59). We may 
evidently speak of the transformation M (or N, or MN), meaning 
that for which M is its coefficient matrix, as in §1. So if 
| |, | N| are non-zero, the inverse transformations exist, and 
group condition (4) is satisfied. If in particular NV = M7’, then 


XaYUMA 2 = IZ, 


which gives the identical transformation of the group, namely 


Desi aiaiee Cae. fay Lay ys 


7. Dimensions of the Transformation Group. 


Consider the two matrices M and N, each with n? elements, 
not entirely alike, so that M+ N. Then MY + NY, so that 
we may properly speak of the transformations 


Ko MY eee NY 


as distinct. For they give different values of the set X answering 
to one value of the set Y. Thus the transformation M is said 
to have n? dimensions, for it is not specified unless all its »? 
elements are given, whereas these n” elements determine it 
uniquely. 


Definition of Subgroup.—A subgroup of a group ws an 
aggregate of members which themselves form a group, with the 


same rule of combination. 
(p 884) 12 
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For our purpose the following examples are important. 


The Projective Subgroup. 


All matrices pM, oM, 7M ... where p, o, 7 ... are non- 
zero scalar factors are members of a group. Hach is obtained 
from another by scalar multiplication, and all the group conditions 
are satisfied. Applied to a linear transformation X — Y such 
matrices differ merely by multiplymy the co-ordinates ¥,, Ys, «++. Yn 
by a constant factor. Now this difference is immaterial for 
homogeneous co-ordinates in geometry: accordingly these trans- 
formations are indistinguishable. So if the n?— 1 ratios 
€&,:&:...:, of the n? elements of M are given, one such 
transformation is determined. The totality of these transform- 
ations forms the projectiwe group of (n — 1)-fold space, and 
therefore its group dimensions are n*— 1. 


The Affine Group. 


The matrix 


Eepieaeres ee 
M, —— 5 Wy, == 0, A —— . . . . . irae @) 
ie (ee On) é ig 
0 0 Ws, eat ee ee ni 


with — 1 zeros in the nth row defines a group of transform- 
ations. For the product of two such still has the requisite 
zeros; and each group property, including the existence of an 
identical member, is secured. Here then is a subgroup of the 
general transformation group. Since M, has n? — n + 1 arbitrary 
elements, this number gives the dimensions of the affine group 
for (n -- 1)-fold space. 


The Affine Group with a Fixed Point. 
This is defined by 


ca anaeme 0 | 
“1. +0, A’ 

as ei 0 

OF a0 w,, 


M,= 


with (n— 1)?.+1 group dimensions. Here there are n— 1 
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zeros in both the last row and column. Again the group pro- 
perties hold. 


The Orthogonal Affine Group with a Fixed Point. 


ey Cito) Gt 
The matrix M,, of type M, when the minor ack, Se 
Ea io as Ca 
is orthogonal defines a group, as is easily verified. The n(n — 1) 
conditions needed to make this minor orthogonal cut down the 
group dimensions to 


(n— 1)?+ 1 — 4n(n— 1)= 3 (n? — 8n-+ 4). 


EXAMPLES 


1. The affine group leaves the equation of a certain prime (linear form) 
absolute; namely, x, == 0 becomes x,’ = 0 when 2 —> 2’. 

If n = 3, this is illustrated by taking 2/3, w/z, as Cartesian oblique 
co-ordinates and regarding the transformation as a change of axes. 


2. Keeping the same axes and regarding the transformation as a change 
of figure, the point x moving to 2’, prove that the affine group (n = 3) 
changes point to point, line to line, and parallel lines to parallel lines. 


8. The M, group can be regarded as a change of axes without shifting 
the origin. 


8. Induced Compound Transformations. 


In §8, p. 86, certain compound co-ordinate sets 7, 75, ... , 
Pn—1» Pn—g, +++ Were introduced as a direct application of the 
determinant theory. We now proceed to develop their properties 
in relation to the Sylvester theory of cogredience. 

Let x, y, z,..., 8, t be any number k of cogredient variables, 
y of which we choose to form a matrix of r rows and » columns, 
say 


1 a rn 


[p,] 5 Wh | Ve melon i 


This has i. determinants of order 7, making a set which we call 
p,», provided r <n. 


Definition.— The r-rowed determinants of the set p, are called 
rth compound point co-ordinates. 
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Accordingly the sets 7, 73... are particular second, third, 
. compound point co-ordinates. If we abbreviate the set 


TT, = (2Y)ag as vy, and 73 as xyz, and so on, we consider all the 
various sets 


DO he Dees Fm ig ells YR aeieay IS 


as second compounds: and similar remarks apply to rth com- 
pounds. Thus from k given points x, y, ..., ¢ we derive @ rth 


compounds. 

In particular, if = » — 1 the rth compound 7,,_, 1s a prime 
(§8, p. 86). This is true of any (n — 1)th compound. Also if 
r= 1 we revert to the original point type w or y...or¢. And 
once more, if r=, the matrix [p,] is square and has a single 
determinant | p,|. This gives a set of n points which form a simplex 
provided | p, | == 0: otherwise the points are linearly related. 

We now come to an important theorem. 


THEOREM.—A linear transformation T of cogredient variables 


xX, y,...tox’, y’,... respectwely, induces a linear transformation 
upon all their compounds xy, xyz, ..., such that all rth compounds 
are cogredient. 

Proof. — 


This follows immediately from the theorem of corresponding 
matrices (§4, p. 79). For by (4), p. 148, which we write shortly 
as 2,’ = &,, Lo’ = Hz, &c., we have for cogredient variables 


We = Ey uae yh ENE oy oats gg Qi, 23 = Oy. 
Hence 
Fee cash EP DATA lee a ij 
(2'Y')19 = = (€y | xy) = & (€n)* (xy) ;;, 


which shows that the new compound co-ordinate (a’y’),, is a 
linear function of all the old (zy),, Similarly, if 6, 6 belong to 
the ath and th rows of (4), 


(2'y') ap = (66 | wy) = ¥ (04)'"(2y),;. 
Hence the second compound 2’y’ is transformed linearly to ay 


by a matrix whose elements are the second compounds of the 
elements of M~* which transforms a’ to x and y’ to y. The same 


IX,] COMPOUND ORTHOGONAL GROUPS 165 


matrix arises whatever pair among @, y, z,..., ¢ is first selected. 
So all second compounds are cogredient. 
Likewise for third compounds 


(a’y’2’)re3 = (nb | wy2) =D (Eno) (wy) spp 


leading to a similar result; and so on until the (n — 1)th compound 
is reached, in which case the typical equation is 


2a hs Jos, pe DG 5) (YR 8) pent 
The coefficients in this series are proportional to 
&, bs, ohenelly ae 


which leads back to the result that the transformation of (n— 1)th 
compounds is cogredient with that of w and contragredient to «. 

This puts the Sylvester-Cauchy theorem (§9, p. 87) on com- 
pound determinants in a new light. For we have now arrived at 
a system of compound matrices, say M, M,, M,, ..., M,_1, 
whose determinants | M|,| M,|, ... are what have been called 
compound determinants. Since each determinant, according to 
this theorem, is a power of | M |, it follows that none of these 
compound linear transformations are singular unless that of x 
itself is. 


Corollary I.—The correlative compounds p, undergo linear 
transformation, such that p, and 7m, are contragredient. 
This follows at once from §8, p. 86. 


Corollary II.—/f the transformation T: x — x’ is orthogonal, 
so also is each compound transformation. 

For if a, 8, y ... denote any of the rows €, y, ..., in the 
transformation matrix M, then 


(aha) == I, Gp) = 0 Cees, 
when M is orthogonal: whence, by the theorem of corresponding 
matrices with r letters both before and after the vertical line, 
(asters iyo ax.) = Lior 0 
according asa = y, B= 6, ... or at least one of y, 6, ... differs 


from a, B,.... These conditions at once imply that the 7th 
compound JM, is orthogonal. 
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9. Connexion between Matrices and Quaternions. 


The theory of four-rowed orthogonal matrices is intimately 
connected with that of quaternions. If we introduce into non- 
commutative algebra three elements 7, j, & called complex units, 
defined solely by the equations 


iw) 


=—1 
jk=i=—hj, ki=ja—th, Y=h=—f, 


P= Pook 


then a quaternion is a linear function of 7, 7, k 
g=1e-+4y-+ ke+t, 


where 2, y, 2, ¢ are scalar. 
Lives are: ! belong to the field of real numbers, q is called a real 


quaternion; if to the field of complex numbers (a + MRT BY), 
q 1s a complex quaternion. 
The quaternion 


(2 


¢ = —w—jy—kze+t 
is called the conjugate of q; it satisfies the scalar condition 
09 We ie ee 


analogous to the property of conjugate complex numbers 


ad-/ — 18 and a—/= 18: This quadratic expression 
g* + y?+ 2+ ¢ is called the norm of q. 


EXAMPLES 


1. Prove that the two-row matrices 


i Po neee il 01 0Vv-1 
t=[o it} = [779 vag 4=[-4 ob *= [v4 i 
satisfy the above properties (1) and verify that 7, j, k as defined by (1) also 
satisfy the associative laws. 


2. A quaternion q is expressible as a two-rowed matrix 


~~ ttex, ytez 
q =U + © c2, = Ex 
where <¢ denotes V —1. 


8. Prove that the matrix product qq’ is scalar, where q’ is the con- 
jugate of ¢. 
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4, If z, 2 are conjugate complex numbers, and also w, w, then 
Z Ww . . 
| = 54 1s a quaternion. 
—W, 2 
Prove the reversal law for the conjugate of a product of quaternions 
Pp. Y, namely 
(pq) = gp’. 
5. The norm of a product is the product of the norms. This generalizes 
the well-known theorem for the product of moduli of complex numbers. 
Justify the steps in the following proot: 
If n= pgathenig: == 9p). 150 


rr = pqy'p’ = plqq)p’ = (pp’) (4aq’)- 


6. Taking p= ia+ 978+ ky +5, q=i1e+ jy + ke+t express r= pq 
in full as a quaternion. Hence by 5, prove the identity 


(a? -- 6B? + y? + 82) (a? + y? g2 | A) = X?2 } y2 | Zz H T2 


where X= se—vyy+t Bz at 
Y= yu-+ dy— az-+ Bt 
Z=— Put ay+ dz+ yt 
T = — ox — By — yz-+ 8b. 
7. Tat yt 2st P= 1= «+ B2+ y? + 8, prove that 
8 —-y 8 «a t z—y 2« 
“ y 86 —a 6 — |e i oe 
Ae ary Sch Andee) == ee ke 
—«“« —B —y 5 —x“x —y—z ¢t 


are orthogonal matrices. 


RG Dh ee Py; 
Let ea 
Z, Ze Z; “4 
UE ene Lise, 
sum of the squares of elements in each column is 
GER G2 aya 87) (areryap etek, 


8. Le denotes the product AB, prove that the 


CHAPTER X 
GENERAL PROPERTIES OF INVARIANTS 


1. Linear Transformation of the General Form of Order p. 


Certain theorems apply equally well to forms in 7 variables 


TZ, Vy, ..-, L, a8 to binary forms; so we shall now consider 
them. 
N 
Let T= Deere ee Le ea ee) 
i=1 


be a form of order p, so that 
a, + B;+...+v;,==p Ae eetes Mars (2) 


for each term of f. We replace c; by a multinomial! coefficient 
together with an arbitrary coefficient a;, such that 


in p! 
C; a ay cae See ee ney) 


Let N be the number of different terms in the general -ic f, 
that is the number of different values of the matrix 


[a;, B, (Oo v; |. C5 25 ~ 3 * (4) 
Then N is also the number of different terms im the special 
form when, = 0,== ...==d,,== 1, namely 
(%,+%+...+2,)?. ae ei te) 


With this understanding we write 
f= (a1, Qe, eee Oy Wa Dy, CaO 9) Ln)" =f (#) (6) 
in the contracted functional notation. 
Now let 7: «— a’ bea linear transformation with n equations 


§;0,' = nj Xo’ se Sera Wj Lp» 7 (7) 
168 
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where the square matrix M of the n? coefficients £,,..., w,, has 
a non-zero determinant | Z|. Subject to this sole condition, 
the coefficients are arbitrary independent real or complex 
numbers. 

As in binary forms the effect of this transformation upon the 
p-ic f(x) is to produce a new p-ic f’(z’). Thus 


S=f(x) =f" (#’) = (G, dy, ..., OF) EI REN C4 


SG, sie see a erate hae) ES) 


defining a set of N new coefficients [a’] analogous to (3). In 
fact a, is the coefficient of x,'% x,'8i... ~,'% after removing 
the multinomial factor. But this is found on the left-hand side 
by picking out the required terms in the expansion of each 
separate term. For our present purpose it is sufficient to observe 
that each a; 1s a linear function of a1, a, ..., ay. We typify 
this by 
T:t2—> 2, T,:a>a. 


2. Projective Invariants. 


Definition of Invariant.—A pol Tne function T( Tab) OF 
the coefficients a, b, ... of forms f(x), g(x), ... is a Pa eo 
projective invariant uf 

Dilaie 0%, Gs) (E\ L(G 96 6), %. jet) 


identically, where b(€) is a factor depending solely on the n® 
coefficients E,, ..., w, of the transformation x —> x’. 

Such a function is a relative projective invariant, to give it its 
full accepted title, but briefly it is called an invariant. We 
prove a few theorems which hold of such functions J. 


Theorem I.—The factor 4(€) is a positive integral power of 
the modulus | M| of the transformation x — x’; namely 


Oleg sin ie) ME (En «cen... (10) 
Proof.— 


For if Z(a) denote such an invariant of f(x) then 
I(a') = $(&) L(a). 


But suppose we start with f(a’), then I(a’) is an mvariant of 
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f'(a’). If we now transform f’ back to f by the inverse trans: 
formation «’ — x (cf. (5), p. 69), 


or aC Rare = n 
Yy Y; ae 

aes a a ae =. Ly 
Fn te Lyrae slate | | 


the condition analogous to (9) is 


x 
1(a) = ‘(an) (a). 
Hence if I(a) = 0, we obtain by multiplying these results 
x 
$0 46(57)=) Sie ee peta (al) 


Since J(q’) is rational and integral, so also must ( =F) be. 


Hence we can clear the denominator of (11) on multiplying 
through by a suitable power | M|* and, after expressing each 
co-factor X of | M| in terms of the elements &,..., we obtain 


RAGE Publ ee 


where both ¢ and ¢& are polynomials in their arguments. But 
| M| is an arbitrary determinant and therefore has no factors 
rational and integral in its elements. Consequently both 4(&) 
and 7(€) are powers of | M|. Thus ¢(€) =| M|"” = A”. 


This index w is called the weight of the invariant I. 
Corollary.—If 1,, I, are two invariants of weight wy, Wo 


respectively, then 


L'=A"L,  1/=A"T,. 


Hence the product 1,1, is an invariant of weight w,-+w,. The 
quotient 1,/1, satisfies the condition of invariancy, and is called 
a rational invariant of weight w,— Wo. 

An algebraic invariant is the root of an equation 


(Tela ketal sical D, 


where each coefficient is a rational integral invariant. 
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The sum of two invariants J,, 2, is only invariant if their 
weights are equal. For 


eg aN LN Or 
and if the left-hand side is invariant it has just been proved 


equal to A” (I, + I,). Hence w= w, = wy. 
We sum this up by saying an invariant is isobaric. 


EXAMPLE 
Show that the present definition of weight w agrees in the binary 
case with the definition already introduced in §4, p. 134. 
3. Homogeneity of Invariants. 


Consider a number of given ground forms f(z), g(x), ... 
whose coefficient sets are [a], [b],.... Let J be a simultaneous 
invariant of weight w, so that 


Tian) EN" ak b J. 


We shall prove that it may be sorted out uniquely into a number 
of terms homogeneous in each set [a], [b], ..., each such term 
being an invariant. 


Theorem II.—Hvery simultaneous invariant can be expressed 
im one and only one way as a sum 
/ dt 
Dee [1 se, al) 
of invariants 1") which are each of weight w and homogeneous in 
each set of coefficients involved. 


Proof.— 

First let all terms be reduced as far as possible, terms with 
the same index set, §1 (4), beimg collected into one term. If 
I is not homogeneous in each set [a], [b], .. . let it be written 


Il=I1,(¢4)+1,(@)+...+1,(@), 


where each term in this sum is homogeneous in each set. 
Now by definition we have 


I(a)=¢x {L,(@+1,(a2)+...+1,@}. 
Therefore 


L(@)+h@)+...4+L@)=¢x {L@+...1@} 
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identically. Also 4 is independent of a, b,..., while a’ is linear 
ina; b’ in b; .... Hence the only part on the left-hand side 
which is of the same degree in a as I,(a) on the right is J,(@’); 
so that 


L(v)= 4h. 


Thus J, (a) is an invariant. 
For example 


Ay My — Ay? + dob, — 2a,b, + by ay 
is a simultaneous invariant of the two binary quadratics 
(dg, Gy, M2 % 2, Xe)? and (bo, by, by § ay, Wp)”, 
but it is the sum of the two expressions 
AjAg— a2 and agb, — 2a,b, + aybo, 


each of which is homogeneous in the two sets of coefficients. 
Calling these invariants J, and J,, they both have weight two, 
but they differ im degree. The degree of an invariant of a single 
form is its degree in the coefficients of the form. So J, has degree 
two and weight two. In keeping with this definition, J, is said 
to have partial degrees (1, 1) in the respective sets of coefficients, 
and again its weight is two. 


4, Ground Forms. 


Definition.—The form or forms which give rise to invariants 
are called ground forms. The coefficients of terms in the forms are 
ground coefficients. 


It should now be clear that three essential things are involved 
in the invariant theory: the ground form, the transformation, 
and the invariant. In its general aspect the problem before us 
is to discover whether a function, say I(a), exists, and if so how 
many such functions exist. To these questions a general answer 
can be given, not unlike the corresponding answer to the question 
whether a given equation, algebraic or differential, has a solution. 
The results are crystallized in the great theorems which follow 
later, associated with the names of Clebsch, Gordan, and 
Hilbert. 
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5. Symbolic Notation. 


The reader is already familiar with differential operators 
which combine very like ordinary numbers. Suppose, for 
example, that x,, v, are independent of x and y. Then we may 
write 


a ay 
Cet a) f(a, y) 
p oP : 


identically, provided p is a positive integer and f a function 
capable of such successive differentiation. 
In particular let 


f= aya? + pax? y+...tay, -. . (14) 

then each pth derivate of fis a single term, and, in fact, 
sees la peel (15) 

Saray? rr ee Sg os see, p- . 

Hence identity (13) now takes the form 
0 oe. 
Cre ae 5.) S(&, y) 

= p! (dy a,” + pa, 2? *a, +... a, %,"). (16) 


Let us now introduce the following notation: 


Dt oP : 
SM ON sage? Pa ONE epee Clit) 


so that for extreme values of 7, 


p oP 5 ° 
oP =o 0, ay ME 


Then owing to the convenient fact that the differential operators 


0 


ae s combine as numbers and obey the index law, so also 
eRe 

do a,, a. This becomes plainer if we take an actual example, 
say asf 


Coe 


5! 
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which would occur if p= 5. This would be written as 
G,OsQi-a 
poe M- 
Manifestly we should have such relations as 
Gy Get \Og == ay Og == yy == wes 


for they are all ways of writing the same quantity 


CAS: 


Op oyr 


So we have introduced two symbols a,, a, which have the pro- 
perties of ordinary numbers with this proviso: they only occur 
in a product of degree p, involving p — r factors a, and r factors 
a): otherwise they are undefined. 

Now let us extend this definition. Let a, and a, occur in a 
product of degree 1, 2, 3,..., or p, and behave like ordinary 
numbers, but let a product of degree greater than p be undefined 
and therefore meaningless. There is clearly no contradiction 
involved in such a restriction. 

If we substitute from (17) in (15) we obtain the elegant result 
(18) 


ps p—A = Tie ae Sere 
ay = a; 4 Ag = Ay, «+--+, OY Qy — Ay, - 2-5 Ao = Uy. 


The result when put in (16) gives 


(101 -+ %_0)” = Aya” + pa, ea, +.-.+4,%%. (19) 
Since 7, % are independent of x and y, they combine with the 
differential operators and therefore with a, and a, as with ordinary 


numbers, So we may write 
(ay % + Ay Xp)” = aX? + pay tte + ...4+ G25”. (20) 


This is an identity for ,, %, obviously agreeing with relations 
(18). 

These a,, a, are the Clebsch-Aronhold symbols, founded on 
the hyperdeterminants of Cayley, which have proved to be of 
the utmost value in developing the general theorems of the 
invariant theory. Now that they have been defined we can 
dispense with all that precedes (18) and (20) by making the 
following doctrine of these symbols: 


The symbols ay, a, behave as ordinary numbers. They have 
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no actual meaning as numbers except when they occur in a product 
involving exactly p of them. 


Thus the symbols express the coefficients aj, a,, ..., a, of 
the binary p-ic f explicitly and uniquely, and any linear function 
of the coefficients can be written unambiguously by means of 
the symbols. Indeed they express the binary p-ic itself as a 
perfect pth power of a symbolic linear form a,X, + ayXp. 


If in particular the binary p-ic happens to be a perfect pth 
power, the symbols represent actual numbers. This is called the 
scalar instance of the general symbolic form. 


6. Symbols for Forms in Three or More Variables. 


Exactly the same methods may be used to denote a homo- 
geneous form in three or more variables, x, %, %3, ... by means 
of symbols a,, ds, ds, «. 

From an identity analogous to (20), we should arrive at 
the result 


(a @y + Gy Xp -- Ag Hg)” = D ie Ty Vy Xy, . (21) 


! 
eee RT) 
algtk!} 
where 1+j+k=p, the summation extending to all different 
values of the index matrix [7, 7, k]. The only essential difference 
here is in choosing a suitable notation for the coefficient of the 


ternary p-ic . 
fees es oP 
f= 000 a re Oye 


which now takes the place of (14). Whatever principle of suffix 
or other notation is adopted on the right-hand side of (21), it is 
agreed that a product of » symbols 


Oy 'Gy Os, 
multiplied by the trinomial coefficient !/7!7!k! actually repre- 
sents the coefficient of 2,' z,/ 7" in this ternary p-ic. 


If p = 2, the coefficients are best denoted by double suffixes 
in all cases involving many variables. Thus 


is the quadratic form in m homogencous variables. 
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For instance, in this notation the areal or homogeneous equa- 
tion of a conic 1s 


fF G1? + Ugg Bq? + gg By” + 2etys Vy 3 + 2g, Wy PH 2Ayy% To, 
which is symbolically written 
(44% + 2% + ays)”. 
This leads to the very simple definition of symbols for a quadratic, 
namely 
NO ae 
So also, in accordance with the defined behaviour of the symbols, 
a5; == aj, = a; ;. 
Similarly the quaternary quadratic 1s denoted by 


(ay % + ag % + ag %3 + O42)”, 


and the general quadratic by 


(a4 4 + Ap Vo ie a, 2)", 


where as before 


Cubic Forms.—Next if p= 3, a triple suffix notation is 
convenient, so that the general cubic is symbolized by 


(a Vy Ag Xe snes t- An ,)*, 
where a;aj;a, gives the coefficient of x; x,, apart from the multi- 
nomial coefficient, in this case 1, 3, or 6 according as 1 = 7 = k, 
or two only are equal, or all differ. 
The General Form of Order p.—-This is best denoted by 
attaching a group of p suffixes for a coefficient. Thus 
53 
Sh 22 o- LG; jy 


i m 


een De UX; Lip +e Ens 

the summation extending from 1 to ” for each of the p suffixes 
0, 9,k,..., m. This will give all possible products x, ... %,, of 
degree p in the set {a, ..., 7,}: also each term obtained by 
deranging the suffixes of a given term will be of the same kind. 


We may therefore define all different permutations of suffixes 
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iN Gijz...m to be equal. This allows, as a simple consequence, 
the symbolic form 


(a, Ly = Ag ies eae Oy oN . 
to represent f; so that, by equating coefficients, 
Mesa Cd Oe 


And lastly, if we carefully distinguish between single suffixes 
and multiple suffixes, we may with advantage use the letter a 
rather than a for the symbol, and write 


Uj; On = ize, . oan 


for the typical coefficient of the p-ic f, now symbolized by 


(4% + Ay Wy... fA, L,)?. 


Here the actual coefficient a;;;.__,, 18 said to be resolved into its 
symbolic factors a;, a;,..., oe and conversely, a symbolic 
product is only an actual coefficient if it contain exactly p factors 
@;,a;,.... In particular if p = 1, or if f itself is a perfect: pth 
power, this distinction breaks down, and the form provides its 
own symbol. Such is called by Professor Bell the scalar instance 
of the symbolic expression. 

For binary forms, this notation is unsuitable, since single 
suffixes do duty for the actual coefficients. 


7. Polar Forms. 


First we contract the notation a, 7, + a,%, of the binary case 
to a,, so that the binary p-ic is denoted by a,?. Thus 


Co »_\P 
Og? = (dg, My, »- +, Uy § Ly, Lo) | (22) 
p p—1 | as 
Ont, ee egy ha ee A, BoP J 
Then an excellent example of the use of these ott is in the 
polar process. 
Since a,, a, behave as ordinary numbers, we , have 


0 
Dib xl p—1 j=s Deal ¢ 
Ox. Ct ca. Pay! O75 0x. Cy! ae Page O19. ( (23) 
1 2 


(D 884) 13 


178 GENERAL PROPERTIES OF INVARIANTS [Cuap. 


Multiply by y,, yo respectively; add and then divide by p. Hence 


: (y wae pp = (nas aan ) Og? = ay! "ay. (24) 


Ox 


This is the first polar of a,” with regard to y. Similarly the second 
polar is 


1 0\? Qe Ls D5 
ae ae Ag Ay» ae 3) 

and so on. The rth polar is 
Wn Gaps 5 ES Rede gem) 


The process ends in p steps, for then all higher differentiation 
produces zero. 

Exactly the same notation a,?~*a," denotes the rth polar of the 
p-ic in n homogeneous variables. 

This may at once be verified. 

Further, we may have mixed polar forms involving anything 
up to p different sets [x], [y], [z], 


EXAMPLES 
1. The quadratic og? = a,x," + 2a, 1% + d,%,” has a polar 
Chap hy = Uy XYy HF My (®Y2 + WyYy) + Ay @Yo. 


2. The cubic az = (ay, @;; Go, as x1, ®)® has two intermediate polars 
ky Ay, Xx y”, and one mixed polar xz. Find their expressions in full. 


3. The ternary cubic in canonical form is 7,3 + x3 + 33 + 6max, xX. 
What are its polars of type og" 0y, oa oy uz? 


Ans. 2174, + x52 4Y5 + &37y5 + Wma wy, + ZWMNxr,x Yo + 27x, Ao Yo. 
© Yr 2 TP WoYo%q 1 WeYg%—y > MW Yo%sy + XpYs%_ + WYye%3 + XY3% 
1 %3Y1 22 + ®3Yo2). 
4, If a,* denote (a,% + ay + a )?, in order to symbolize the conic 
ax? + 2hay + by? + 29x + 2fy + ¢ = 0, what does ag ax’ = 0 symbolize? 
Ans. (ax + hy + g)x’ + (ha + by + f)y’ + gx t+ fyte=90. 
5. Prove symbolically that if the polar of point P for a conic passes 
through Q, that of Q passes through P. 


6. Prove symbolically that when the sets [2], [y],...are all the same 
as the original [«], each polar reverts to the original form. 


AMS. "Oy Oy «5 | = Ua her vie =O 


7. Tf (a,@ + ay + a3)? = 0 symbolizes a plane curve of order p in 
Carttesian co- ordinates, and o%?—"a’" = 0 is defined as its rth polar for 
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the point (x’, y’), prove that the rth polar is a curve of order p — 7, which 
only passes through (x’, y’) if (x’, y’) is on the original curve. 


8. Equivalent Symbols. 


One objection to these Clebsch-Aronhold symbols will prob- 
ably occur to the reader. What are we to make of a form of 
degree two, or more, in the coefficients of a given ground form 
f expressed symbolically as a,”? For by definition we have a 
set of m symbols a,, ay, ..., a, which can only be utilized to 
express an actual coefficient in products p at a time. Thus a 
polynomial of degree p in the symbols a is equivalent to a 
form linear in the actual coefficients of the ground form f. The 
simplest way of meeting this difficulty is first to consider 
simultaneous sets of coefficients, and functions which are linear 
in each of these sets. Suppose, for instance, we have two binary 
quadratics 

U = a2," + 20,4, 1 + ay Ly” | 
(27) 
V = by ay? + 20; 2% + bg eal 
written symbolically as a,” and 8,? respectively, where 
Bi = (61% 4+ Boe)", and By, 6, .ate symbols’ referring 
exclusively to the coefficients 6), b,, b,; in particular 


By? == bo; BiB. a by, Bo? Pag, Dy. ae ate) 


Then manifestly any expression bilinear in the a’s and 6’s can 
be expressed by a suitable combination of a’s and f’s. Thus 
Qo0y —= Gq" Po, OF, again, 


yds + Agby — 2a,b, = (a By — a58,)? = (aB)?, say. (29) 


Conversely (af)?, being quadratic in both a,, a, and f,, B, can 
be expressed unambiguously in terms of the coefficients ay, a, 
and by, 6,, be. 

But suppose that the given quadratics U, V are identical. 
Then 

C—O =, Co 05, 
while 
Ag bs + Agbdy — 2a,b, = 2 (aya, — a”). 


This last expression, D,, say, which is the discriminant of the 
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quadratic U, appears here as a particular case of a bilinear 
invariant Dj, where 


Dyy = Aybg + Goby — 2a, b,. 


This gives us a clue for the symbolic expression of D,,: we express 
ya, — a,” symbolically by ik the Aronhold operator 


0 0 
(-) = sae t gg mele 
on D,, to render it linear in both sets [a] and [b], after which we 
are at liberty to use symbols a and B. There are now two a’s and 
two f’s in every term of the result (a8)?, and the letters a and B 
are said to be equivalent symbols. 

We therefore write 


U=a,? = £,’, 
A=," = B,’, 
Ay = 0442 = By Po, 
Rie taal s Pech 


Similarly for the binary p-ic 


ff, 
= (ig, Gy, Ag, +++, Ay YX, LQ)”. 


Any product of degree two in the coefficients, say a,a,, is 
symbolized either as 
Da Oe OM) 
ay) By?’ By", 


eer OB ay? ay’, 


which mean exactly the same actual product a,a;. Conversely 
any product of p a’s and p f’s stands for a unique product of 
two coefficients a;, a; The value of this result will appear in 
the sequel, for at present it seems artificial and useless. 

In general, to express a product 


or as 


Ul dy Ay 
of degree 7 in the coefficients of the ground form we introduce 
¢ equivalent symbols a, B, y ...: or, what is the same thing, 
we render it linear in 7 different coefficient sets [a], [b], [ec]... 
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0 0 
by use of Aronhold operators (0 =), (c a ) ee 
stitute the symbols a, 8, y ... as before. 
For example, if f= (a, a1, do, 3 { %, Z_)? is a binary cubic, 
then 


, and then sub- 


a, Dies 2 

Ay Ay” = a4? By” By yy? Yo 
Pp 2 
= By V1 V2 


= v1" a,” eo) BY By. 


Conversely, a polynomial of degree three in each set a, B, y 
symbolizes a polynomial of degree three in ay, a,, dg, dz. Thus 


Nay? a8, Bo? yo + ay Oy” By” Boy yo” = Ady Agdg + pa, a,’. 


EXAMPLES 


1. Prove that, if («8) denote (a, 8. — «%8), the Jacobian of two quad- 
ratics a, Bx? is symbolized by (« 8) ea Bx. 


Qo Gy Ge 
Dy by by 
© C1 Cp 


three quadratics symbolized by «?, Bz?, yx22, prove that this determinant 
is symbolized by — (6 y) (ya) (a8). 


Paes Le is the determinant whose rows are the coefficients of 


8. If « and 8 are equivalent symbols, prove that both («8)c8, and 
(By) (ya) (#6) vanish identically. 


4. The symbol («8)a%.?—16,7—1 denotes the Jacobian of a binary p-ic, 
%P, and a binary q-ic x7, neglecting a numerical factor pq. 


5. Show that for a cubic (ap, a, A, 43 § 2%, %)° symbolized by a? and 
Be°, the Hessian is given by («8)?a2 Bz. 


A. 8, Cie Chics, Ones = Chee 
[ilove Jekesevrney teh] oe Ve eee aor dst . Use symbol « for row, 
; Ay Xy + ApXy Ayg®, 4+ AgXy : 


and 8 for row,]. 


6. Show that any determinant of order m whose rows (or columns) 
each involve the coefficients a; of a quantic linearly can be symbolized by 
the use of n equivalent symbols, one for each row (or column). 


1 Various extensions of the use of these symbols, sometimes called umbral 
symbols, or umbre, can be made, as, for example, in the next chapter. We 
pass over the question of general forms, whose order p may not be an integer; 
cf. Encyklopddie der Math. Wiss., III, 8, 6 (1922), p. 7: and also that of the 
relation of symbols to a power series 


Qo + at + af? +a t+... os 
whose coefficients are specific integers or combinations thereof. The reader 


will find a very interesting account of these by E. T. Bell, Algebraic Arithmetic 
(New York, 1927), 146-159. 


CHAPTER XI 


Tue First FUNDAMENTAL THEOREM 


1. Symbolic Factors. Inner and Outer Products. 


We are now in a position to consider a theorem of funda- 
mental importance in the invariant theory. It enables us to 
construct, with the help of the symbols, as many invariants 
and covariants of given ground forms as we like; and conversely 
the theorem proves that by adhering to a specified mode of 
construction, all invariants and covariants may be found. 

As a preliminary let us consider the Jacobian of three ternary 
quadratic forms U, V, W given by 


SS A 
La; j,C;,%;, Ub; 4; 0, UC, 2,4; 


t,) = 1, 2, 3, whose symbolic forms are, say, 
2 2 2 
Ay ? Be ? Vx 2 


Where a, = 0,2, + a,% + a3%, which may be regarded as an 
inner product of the set a,, ay, a, and the set 2, %, 2. The 
symbolic form a,” is in fact the square of a symbolic linear form 
or inner product. All such factors a,, B,, y, are called symbolic 
factors of the first type or symbolic inner products. 

Now the Jacobian of U, V, W is 


Oe Gi a 
Ow, Ot Oa 2a, 28,8, 27 
oU oV OW 


i 20, Ay 28 Bo 2Yn'Y2 ? 


2a, 2B... 21 Vo 
OU OV OW a,A3 BBs Y «V3 


OW 20%, LOT 


Ot, O83 Oa 
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since this determinant on expansion involves exactly two of each 
symbol a, 8, y in each term, 


a, Py V1 
= 8 Qo By V2 OB Va — 8(aBy) a2 Be Yes 
as Bs VB 


which is the symbolic form of the Jacobian of three ternary 
quadratics. It involves a determinantal factor (aBy) which is 
an outer product of the symbolic linear sets a, 8, y and sometimes 
is called a bracket factor or factor of the second type, to distinguish 
it from the numerical factor 8 and the symbolic inner product 
or linear factors a,, B,, yz, which are of the first type. 

Factors of these two kinds are characteristic of covariants 
(and invariants) expressed symbolically; indeed the fundamental 
theorem will demonstrate that every rational integral covariant 
of one or more ground forms involving variables 2, %, ..., %, 
can be expressed symbolically entirely by means of these two 
kinds of symbolic factor. 

Since an invariant contains no z, it is symbolized entirely 
by means of a, B, y, and according to this theorem it cannot 
involve factors of type a,. So it is composed entirely of the 
second type, the determinantal factor involving n symbols. 


2. Effect of Linear Transformation on the Symbols. 


First we must consider what happens to a general p-ic in 
n variables, symbolized by 


(G2; + a0, + «2 1 6,2," = GP Enea Gl) 


when a linear transformation z— wv’ is made. As in §6, p. 177, 
let the general term of this p-ic have coefficient 


UA; Ue “—<. Xin atetnel A 5 5 rs (2) 
If the linear transformation is 
, , eer 
bie Sab, Dy a ns OD, , (aw lee tect (3) 


the effect on a, 1s 
(a, Ey ae eae Sis Oy En) Uy" 1 (4171 sa iad os ais Ay, Nn) Ly. Sa eS (4) 


or Og@y! +O Wy +26. + Ge%y 
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Hence, as in (11), p. 149, the symbols a behave as a set contragredient 
to x, a result of fundamental importance. Also the p-ic itself 
becomes 


mil a IND =f 
(dea Ae mene Oe, Ns =O x ses (5) 
say, where the general term of the p-ic in 2’, ..., L, has co- 
efficient 
Diy = GO G,.. Sapayag Ny 08 a 6) 


’, 7’, &’ ... denoting the ith, jth, Ath... of the set €,, ¢.. 


For example, the cubic a,° becomes q’,°, and the coefficient 
Of ay’? a" 18 A’ yy9 = My! dy Ag’ = Az" Ay. 

It will be seen that the new coefficients are obtained from the 
old by exhaustively polarizing the p-ic a,” with regard to €, 
ym, & ... in all possible ways, in agreement with the previous 
result for binary forms. Similarly for other symbols 8, ¢, ..., 
belonging to general forms 6,", ¢,”,.... 


Next, the effect of the transformation on a symbolic deter- 
minant (ab...m) is to give 


We Gn ooo he) 
(ab 2m) = Ciwela Mekal Tee Sa(Sy.@) (abe eee Cn) 
ME Wi, Os LOM 


another result of fundamental importance. Further, the effect 
on minors of this symbolic determinant is given by the theorem 
of corresponding matrices. Thus 


Oy’ = Ae, Ay = An, ..., On = Uy 
(a'b’);, = (ab | 7’) 
(abe ay == (abe tea C), On” eee eee emt) 


3. Converse Theorem. 


This at once gives us the converse of the First Fundamental 
Theorem in the following form: 


Every symbolic product whose factors are solely of the two types 
a, or (ab...m) satisfies the ivariant condition. 


For let P == (aber s-..) def uda\ha: dol tae 
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be such a product, consisting of w bracket factors and a 
x-factors, involving symbols a, b,..., 9, h, ... of one or more 
given ground forms (1). 

Tey RPG © Bad Cf oar.) ay. 60 aff af >» ~ De the corre- 
sponding function of the accented symbols and variables. 

pincerg gi=i9g, and (abo... = (En 65..) (abe...), &eywe 
have 


(Cpe) (thee Gee iak Gala... = | M |’ P 


which proves the theorem. 


As an example, consider the ternary symbolic product 


P = (abc) (abd) c,d,, 
so that 


P= (a'b'e) (abd) od = (Ey 6)" (abe) (abd).c,d,,. 


Let this be expanded in full, as a polynomial in all the arguments 
Ci RIA SAND Gyn. Pete On- theleftira: typical 
term is 

a's” Os c's d's cy ay x’? 


which is of degree two in each set a’, b’, c’, d’, and x’. Since 
each symbolic factor of either kind (a’b’c’) or c’,, is linear and 
homogeneous in its sets a’, b’, c’, x’, it is at once apparent that 
the dimensions of the typical term are also given merely by 
counting how many of each symbol a’ or variable x’ occur in 
the wnexpanded product P’: and this will be true in general. 

Thus P is a quadratic in x because it has two factors c,, d,, 
and further, if P is not a mere symbolic covariant but an actual 
covariant, we infer that the symbols a, b, ¢, d refer to quadratic 
eround forms, because there are two of each symbol. 

Hence P is a covariant of weight two, the index of (€7¢), 
and of degree four, in one quadratic, when 


OY = Dy = Cy? = dy” 

are equivalent symbolic forms: or again is of partial degrees 
(1, 3) in two quadratics a,? and 6,7 = c,? = d,? where symbols 
b, c, d but not a refer to the second quadratic: or again is of 
partial degrees (2, 1, 1) im three quadratics: and so on. 


186 THE FIRST FUNDAMENTAL THEOREM [Crap. 


4. The Valency Condition py = nw + a for Single Ground Form. 


If we continue to illustrate with the ternary case of the 


p-ic 


where a, b, ¢ are equivalent symbols, we can see at once that 
a product such as 


P = (abc) (bed) (cda) (dab)... 


involving w bracket factors but no «-factors contains 3w symbols 
in all, each distinct symbol, such as a, occurring p times. 
Hence for a ternary invariant involving q different symbols of 
a p-ic, the relation 

pq = 3w 
is essential. In general the condition 

ie 
connects the degree g and the weight w of any invariant of a 
p-ic in n variables. For the subsequent proof of the fundamental 
theorem will show that any invariant can be expressed as a sum 


of symbolic products such as P. 
Again, a more general product, say 


Q = (abc) (bed) (eda) a,? b,? c,d,” 


involving w «-factors and w bracket factors, is a covariant of 
an n-ary p-ic if 
p= nWw+ B, 


as is seen by counting all the symbols a, b, c ... which occur. 
Heresor='7 10 = 93; N13; pee, gi 

It is desirable to give a name to such relations between 
positive integers indicating degree, weight, or order of invariants 
and the like. Let them be called valency conditions. 


EXAMPLES 
1. A binary form of even order has no covariant of odd order. 


2. A binary quartic has at least two invariants, («@)*, (9 y)? (yx)? (a8)? 
Express these non-symbolically when 


(Gp, Gy, On Ags 0, Qty B)* = ogt = By? = yn 
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3. A binary n-ic has an invariant of degree two only if is even. 
For let (a, @,,...,4" 2,, 23)" = a,” = By”. Then 


(% 8)” = dybyn — naybn—-1 + (5) Gybn—9 — ... + (—)" andy 
= Oi nis odd. 


5. First Fundamental Theorem for a System of Linear Forms. 


Let us first prove the theorem for linear forms in n homo- 
geneous variables. Starting with a set of variables z,, %,..., X, 
and any number q(2 7) of linear forms, not necessarily all 
distinct, 


A= GO, = 04% WoXo +... 4 oa 
at <= Gi al! | 
B = b, = byt + by%_ +... +b, 2, | (9) 
Sl ate 
Ke a he hie a a 


we enunciate the theorem as follows. 


Fundamental Theorem for Linear Forms. 


Every rational integral projective invariant of linear forms 
ax; Dy; Cy, +--+, Ky 2s expressible as an aggregate of terms consisting 
entirely of bracket factors of the type (ab...m) together with 
numerical coefficients. 

This type of factor (ab...m) is indeed an n-rowed deter- 
minant of the coefficient matrix 


Oy 1g alee 30 
ea ae Bo | aber Al ECC 
end Ha 


Proof.— 


Let the result of a linear transformation z— x on the 
variables change the linear forms A to a’,,, B to b’,, &c. Then 
the new coefficient matrix 1s 


Oe As a a5 Ag An ..- dy 
eee Oe weet. Wael We asa ae tia ce | 
US Ae a) oa caer SL Odes Beenie 


where Oe = 0,8, + OoSo+... tan €), mete, CLL) 
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and, as before, the coefficient matrix of the linear transform- 


ation is 
fom. Ge 1 
Mis) 2 on 7S i ZAR ee eer) 
& Nn bo a. a Wn 
Now if I(a, b, ..., %) is an invariant rational and integral in 
the ng coefficients of these forms, then by hypothesis 
TG, Oh) = NG, De os 1) ys (13) 
This is an identity in the n? elements &,...,@,, 80 that it still 


; : A 0 
remains an identity after differentiation by or more generally 


by the Cayley operator (§2, p. 113) ¢ 

0 0 @ 

0, c 2 i 0 n 

Ces Wry. Dea acl eat (14) 

0 0 0 

6b, a," oa 
Regarded as a function of €,,..., w, the right member of (13) 
is a polynomial, homogeneous and of degree w in the set &, 
&,, .--» €, a8 well as in each of the other sets 7 or € ... or w. 


For such sets only enter by way of the determinant | M| which 
is linear in each set. To balance this the left member of (13) 
must also be homogeneous and of degree w in each set. But 
since 1(@ 0b’... , #) as-explietly axpolynomiaisin a 9.2 ayaKe 
which are the same as az,..., kw, it follows that every term on 
the left of (13) contains exactly w factors ag, be ...imvolving €, 
w factors dy, by ... involving y, and so on. 

We now operate on both sides of (13) with 2. Since ( (33), 
p. 122), 


Qagbyce... Mote... = L(abe...m) re. 


12 a(1D} 


where in & the letters a, b,..., m,7,... are suitably permuted, 
the precise way being immaterial, we obtain for every term on 
the left an aggregate of terms each containing a bracket factor 
like (abe...m) but one € fewer, one y fewer, &c. On the right 
we obtain (§3, p. 114) 


ww 1).4, Wan 1) |P SG ba, ke 6) 
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Repeating this process until Q operates w times on the original 
identity, we exhaust all of €, , ..., @ on either side, gaining 
at every stage one new bracket factor in each term on the left, 
and thereby accounting for all the letters a, b, c, ... on the left. 
Thus 

BUNG0C2 21) (FSin)2. == ed (O, 0, Gs. 3), «> (17) 


where A, are numerical constants, and » = 0 (Ex. 5, p. 115). 
Dividing by p we finally express I(a, 6, c, ...) in the desired 
form. 


Corollary I.— The number q of linear forms, including 
repetitions, mm an invariant is a multiple of n. In fact ¢ = nw. 


Corollary II.— The simplest invariant of linear forms 
ay, by ... ws (ab... m) wmvolving n different forms; it rs the 
determinant of the coefficient matrix of n such forms. 

For it is the simplest expression of the requisite type, and 
it would vanish if two of the sets a, b in the determinant were 
identical. 


Corollary IlI.— No invariant exists of less than n linear 
forms. 


Corollary IV.—EHach term in the summation on the left of 
(17) 2s an invariant. This follows from §3, p. 184. 


The above proof contains the leading idea required in the 
general proof for invariants of any ground forms. It has the 
great merit of carrying with it the actual method for throwing 
a given invariant into this convenient symbolic form. And 
although the process would be tedious in complicated cases, the 
reader will find it very instructive to follow out the steps in 
detail for a few simple cases, in order to grasp the several prin- 
ciples of the proof. 


6. Invariants of One or More General Ground Forms. 


Next we prove the Fundamental Theorem for the case of 
invariants of forms of higher order than the linear. But for the 
initial step, the proof is exactly the same. Thus let there nc 
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be g given ground forms of orders 7, s, ..., ¢ respectively, 
written symbolically as 
A are Ay ee (ay Uy as Vs nocuae ay, @,,)" | 
B=b,5 =(b,%, + bot + ...+0,2%,)° ; (18) 
K=k,' = (ht + hoe, +... + hh)’ 


where as before these g forms need not necessarily all be distinct. 
We utilize, in all, gn different symbols a,, a2, ..., k,: a product 
of 7 a’s gives an actual coefficient of the first ground form 4; 
a product of s b’s, one belonging to the next form B; and so on. 
In this way we express the first ground form as a perfect rth 
power of a symbolic linear form; and similarly for the rest. 
Then if the linear transformation be made as _ before, 
Q,t,-+...+ @,%, becomes aga,'+ a,x, + &e. Accordingly 
the form A of order 7 becomes 


(ag%,' + OH, + ...)” = (a2) + a, 2 P...) Sa,’, 
where a’ is the corresponding symbol associated with the new 
variable x’. Similarly for the symbols b, ..., k. 

Now if the invariant I(a, b,...,m) is a polynomial in the 
actual coefficients of forms A, B,..., K, it is also a polynomial 
in the gn symbols a,,..., %,,, when actual coefficients are resolved 
into symbols as in §5 (17). It can then be treated exactly as in 
the previous case; and the result of the operation Q” upon the 
identity 

Tacs, j= iL Aaa 


expresses the invariant entirely in terms of the bracket factors 
(Ob, ain). 

Since this bracket factor on expansion is linear in the set 
a, ..., @,, and therefore vanishes if @ appears twice in the 
same factor, we infer that exactly 7 such factors each contain 
a symbol a; s factors contain b; and so on. 

Further there are exactly w such factors, one for each step 
in the operation Q” (cf. Ex. 1, 4, p. 123). Hence the total 
number of symbols a, ..., & in one such product of factors is 
nw, so that the following valency relation must held: 


f+s+tt...=nw. 


x PROOF FOR HIGHER ORDERS IgI 


Corollary I.—The degree q and the weight w of an invariant 
of a single ground form of order p in n variables satisfy the 
condition pq = nw. 

For in thise case 7% = s=2% == ...==p, and the g forms 
A, B,...are all the same. Symbolically we denote such a form 


fas 


(ee i et 


7. Examples of Invariants. Interchange of Equivalent Symbols. 


Various examples have already been given of the symbolic 
form of invariants. We must now consider more particularly a 
few cases where a single ground form is involved and q equivalent 
symbols are needed for expressing an invariant of degree q in its 
coefficients. 

Let the ground form be 


Example 1.-- 
If fis a binary quadratic, 
fH Oy? = My Hy? + 2ady2 1 Ly + Ayn”, 

then its discriminant is D = d4,d9, — d,,”, which is symbolized 
as a,7b.” — a,dyb,b,, or equally well as b,?a,2 — b,b,a,a,, which 
is formed from the first expression by interchanging the roles of 
a and b throughout. This process is called the interchange of 
equivalent symbols, and for two symbols introduces two alter- 
native forms of the expression, for three symbols, 3! alternatives, 


and for n symbols, 1! alternatives, when interchanges are made 
in all possible ways. Taking the first symbolic form, we have 


D= a,6,(a,b, — ayb,) = a,b, (ab). 


Interchanging equivalent symbols, we also have 


D= 6, a,(Ga). 
But (ba) = — (ab). Hence by addition 
2D = a,b,(ab) — bag (ab) = (ab)?. 
So D= 3(ab)?. 
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This little device which is of great use in throwing invariants 
into convenient form deserves close study. Let us now adopt 
a previous notation, in order to abbreviate such a process. So 
in this example we write 


D==a,bo(ab), 2D == a,b,(ab) = (ab) (ab) = (ab). 


Example 2.— 
The discriminant of a ternary quadratic f= a,? = 4 4;;%;%; 
is an invariant of degree three in the coefficients a;;: 


A, UG Aes 
De | Os) i= Ge, eq Mog | ; (4;; = G). 


3, U3, 33 


Here a;;= 4,4, = bb; = ¢,¢;, and three equivalent symbols are 
needed to represent the expansion of the three-rowed deter- 
minant D. Since D is linear in its column elements we may 


write (Ex. 6, p. 181) 


2 
OO One Ce GOT cy 
= 2 — 
DanC UOp A iC, 05 i= OO, Cn Oa, Oe, 
G30, 0,0. 6, ds, 80S ses 


after extracting common factors from columns. Accordingly 
D = @,6,¢3(ab¢). 


Now we interchange the equivalent symbols a, b, cin all six possible 
ways, and add the results. Since (abc) = — (acb) = (bca), &c., 
this gives 


6.D = (a,bgc3 — a1 b3 6 + dgb3¢, — dyb, C3 + A361 Cy — A3b,¢,) (abc) 
=e (ty dy Cs (abc) = (abc)?. 
So DF abe)"; 


and by the fundamental theorem this is an invariant. 
In general the discriminant of a quadratic form in n variables 
18 


(ed | = 4 (abe... mi)". 
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Example 3.— 
The ternary cubic f= a,3 = % a;y,0;0;x, has two invariants 
which can be symbolized by 
S = (abc) (abd) (acd) (bcd) 
T = (abc) (abd) (ace) (bef) (def)?. 


Here a, b, c, d, e, f are equivalent symbols whose actual coefficient 
sets are all equal: 


Oi jp = 1,00, = 1,=...=fififo %j,k=1, 2, 3. 


Merely counting the number of a’s, &c., verifies the invariant 
property of S and 7; counting bracket factors gives the weight 
w, and the number of different letters a, b, &c., gives the degree q. 
Thus 

DEN O,e == Oo, Oa 6. Wie A, 

Li =, Pawo, =O, w= 6, 


which naturally satisfy the valency condition pg = nw. 


Symbolic invariants may vanish identically: thus the simpler 
looking invariant (abc)? is zero. For 


(abc)? = (bac)? 
on interchanging equivalent symbols. But 


(bac)? = [— (abc) ]? = — (abc)3; hence (abc)? + (abc)? = 0. 
Example 4.— 


(abc... my)? is the invariant of lowest weight and degree for 
the general form of order p, but it vanishes identically if p is 
odd. 


8.1 Double Convolution of Symbols referring to a Quadric Form. 


The following theorem follows up the process used in the 
above Example 2. It gives in general what was originally dis- 
covered by Gordan in his successful researches upon quadratics 
in ternary and quaternary forms. The technique has already 
been explained in §9, p. 44. 


1 This section 8 may be omitted on a first reading. 
(D 884) 14 
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TurorEM.—A symbolic product P of bracket factors, wherein h 
equivalent symbols of a quadric are explicitly convolved once, 2s 
expressible as a sum of terms in which these symbols are explicitly 
convolved twice. 


Proof.— 
For clearness we first consider a simple example, n= 5, 
had. Let 
P = (abc rs) (ab M) (cN)Q, 


where a, b, ¢ are equivalent symbols, convolved.once. Since 
they belong to a quadric, they have duplicates, which occur 
elsewhere in factors of P, either convolved in one factor or not. 
In this example they occur in two factors, and the remaining 
symbols 7, s, M, N, Q represent suitable arbitrary elements, 
involving neither a, nor 6, nor c. This last condition is essential 
to the success of the proof. 

Interchanging a, b, ¢ in all 3! ways we have 3! alternative 
expressions for P. We add them together and obtain 


3! P= (abe rs) (abM) (cN)Q + (bac rs) (baM) (cN)Q+.... 


But the first factor of each term is of type + (abcers). Hence 
3! P= (abers) {(abM) (cN)Q— (baM) (cN)Q+... } 

2(abe rs) { (abM) (cN)Q + (beM) (aN) Q-+ (caM) (bN)Q} 
2(abe rs) (abM) (cN)Q 


2 (abe rs) (abe mm’) (mN) Q, 


| 


| 


| 


where M = mm'm', by a fundamental identity I, §9, p. 45. 
This proves the theorem for P. Here every step has been given 
because each is typical of the general case. Thus we take 


P = (A,B, K) (A,M) (B,N) Q, 


where A; denotes 7 symbols a,, ay, ..., @;, and 10) Us erate 
all i -+ 7 of which are equivalent and refer to one quadric. Then 


by all possible interchanges 
((+ 9)! P= (A,B, K) {2 + (A,M) (BN) Q} 
=i! j! (4,B,K) (4,M) (B,N)Q. 
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If now the n— 7 columns MW are written WM M’ we have 


by a fundamental identity 
(i+ j)! P= i! j! (A;B,K) (4;B,M’,,_;_,) (M,N) Q, 


nu—t—j? 


with A;B, convolved twice. Similarly if the first factor of P has 
A; B,C,,... all referring to the one quadric, we obtain by the 
same process 


Creda Wane pei tal kl (ABC...) (ABC, s..) 0. Q, 
This proves the theorem. 


Corollary.—The quadric may be replaced by a form of order 
2p m which P contains equivalent symbols convolved 2p — 1 times. 
The process produces a further convolution. 


Again, the new convolution may be assembled in any assigned 
bracket factor g except the first. The process deranges the 
other origimal symbols of the factor g, but leaves them 
umplicitly convolved. 

For instance, in the first example 


g = (abM) = (abmm'm’’), 


and after convolving abc in g, the symbols M, expressed in the 
currency of a as m, m’, m’’, are implicitly convolved in a series 


of three terms ma’, m’. But the factor g selected might equally 
well have been (cN) or even a factor of Q, since the fundamental 
identities apply in each case. 


9. Solution of Symbolic Linear Equations. 


Equations frequently arise which are linear in one set «x of 
variables. Even when expressed symbolically they can be solved 
by the ordinary methods. Thus for a quaternary case consider 


Andy = 9, b,b,=0, Cp =9, ee GLO) 


which arise from three quadrics polarized with regard to y, z, t 
respectively (§7, p. 177). 

Writing each in full as far as x is concerned we have 
Uy, by = Ay (A, Ly + Ag % + Mg tz + My), and so on. Then after 
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multiplying the three by b,¢,(bc)o3, €,@,(C@)93, 4,0, (ab) a3 respect- 
ively and adding we obtain 


a, b,6, ( (aBC) 952 + (abc) 4954 ) = 0. A (20) 
Solving this and similar results we find 
Hy: Ly Lz: Ly—= A,b,C, (ALC) og4 : yb, C; (abe) ar4 : 
2 Ayb,€;,(abC) 494 : a,b, C, (abc) 913. sical) 
Now if we introduce arbitrary values wu,, Ue, Us, Us, such 
that 2, 0, then 
(abcu)ayb,q,.=0. . . . . . (22) 
It will be seen that the above equations can be solved exactly 
as linear equations a, = 0, b, = 0, c,=0, provided that we 


maintain, throughout, the original common factors a,, b,, ¢, which 
give actuality to the equations. 


Further, if a, b, ¢ are equivalent symbols we can follow the 
methods of p. 192. Thus (21) and (22) become 


ty 2 Nyt Dy ©, = (abc | ya) (abe),,,: Ke. . (23) 
and 
(abcu) a,b,c, = &(abeu) (abc | yzt). joe (4) 


CHAR TBR Salil 
MutLtTiningear Forms 


1. Multilinear Forms. 


We now set about proving the Fundamental Theorem in a 
more general form, so as to include covariants (§12, p. 144) as 
well as invariants within its scope. To do this we must examine 
more in detail other possible types of ground form than that 
which depends only on one set of variables 7, v,..., Z,. One 
remarkable feature of the symbolic method is that the more 
general cases are as easy to handle as the special cases, as we 
saw in considering the invariant, multilimear in q ground forms 
of order p, which is symbolically of the same structure as an 
invariant of degree q in one ground form. 

Let usconsider the ground form @,”, of order p in n homogeneous 
variables x, from this point of view. We take 


fH Oe SH UAg jp, Vp; Ly +; f sitesi(l) 
where each of 1,7, k...has values 1,2,...,%. If we polarize 
this with regard to p — 1 sets y, 2, ... in succession we render 


it multilinear in p sets x, y, z.... For brevity of statement 
we consider the ternary cubic (n= p= 3). Thus 


Ay? = (yy + Aghy + A3%q)? = UA; j, U; Lj Ly, (2) 


where UA, Ay = Ai jn = Uuy = &e. SP Mita ia uas wens (0) 


Operating with 
0 0 Cire yee 
UGS 055) (y~) 


followed by (4 ums z ae é ) = (-Z), 


— q 
I 2 I So 
OL, Oy Chie 


where sets y and z are independent of x, we obtain 


ie ya Caan We. i og i ae = 
a (.) (y— Jas = i(z=-)a. by = Ay Dy A, = UA; jp LY; 2. 
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Such is called a trilinear ternary form: it is multilinear in 
three sets of variables. A simpler example of multilinearity is 
the bilinear form in two sets 2, y, say 


On by = Le 4,5 L;,Y;, (Q;; = %), 


arising as first polar of the quadratic a,”. 

Owing to the symmetrical suffix relations (3), such multilinear 
forms are not the most general; howbeit they serve as an intro- 
duction to the general form. 


Definition of General Multilinear Form in Sets of » Variables. 
—The form Dai Xi: ¥j%--. v8 the general multilinear form in 
p sets of n variables, if every derangement of the suffixes ijk... of 
the typical coefficient alters its value. 

For instance, the general ternary bilinear form is 


| yy Ly Yy + Ay Ly Yq + U3 21 Ys 
x Cag Ui + Agy La Y + Age Lo Yq + Ap3 La Ys 


+ As L3Y1 + M32 Xs Yo + Ag3 V3 Ys, 


where a;;=- a;; Such a form cannot be derived by polarizing 


a quadratic X a;,x,x;, sce the coefficients of x,y, and x,y, differ. 


2. Symbolic Representation of Multilinear Forms. 

Following the lines suggested in the case of the binary form 
we readily find a suitable symbol for the general form in p sets 
FS ORT 

f= DVijn... ViYj++-s 


Operating on f with — we obtain the single coefficient 


a 
0%, 0Y; 0%... 
Gij,... Then if we write 

of 


OL, OY; 0%... 


= A;b)e,...; (05:95 es oy OF Orcaaeng tt), 


as in (17), p. 173, the p symbols a,, b;, ¢, . .. commute with one 
another, because of the fundamental law of partial differentiation. 
Also they have an actual significance if they occur in a product 
involving exactly p of them—one a, one b, and so on. 

Hence 


Vin... = 40%... =ba,q,= &e.; 
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so that 
: Xa;;¢;, wens LY ji arene 


is (a, % + Cehtie ne A, Lp) (yy, + ane Ona) Ee 


which symbolizes the general multilinear form. It involves p 
sets of variables (np variables in all) and p sets of symbols a, b,c... 
(np symbols in all). In particular if the form is symmetrical in 
two sets of variables x and y, we may take the corresponding 
symbols as equal, now writing 


a = ,0;C,..., f= AyAyC,..., 


ijk... 
for in this case there is no reason to distinguish between q;;,___ 
and aj,._, that is to say, between a,b; and b,a,;. 

By making some of the sets x, y, z equal we include as a special 
ease of the multilinear form the form of higher order in fewer 


sets of nm variables. For instance 


2}, 2 
Qy?b?, Ay dyb,,, A_Cyb,d, 


are respectively (2, 2), (1, 1, 1, 1), (1, 1, 1, 1) forms. The (2, 2) 
form is a special case of the next form when «= y, z= t. This 
in turn is a special case of the third form, for it is symmetrical 
in z and y and in zandt. The last is the general quadrilinear 
form. 


3. Classification of Multilinear Forms. 


From the point of view of the invariant theory, the natural 
way to analyse these forms is according to the behaviour of the 
sets of variables x, y,.... To avoid constant repetition let us 
understand by the simple phrase: ‘the variables x, y,...”, 
the sete oft variables (,4 %, 22. %,)0(Yqs Yos + =~» Yn)s ee Then 
supposing all variables to undergo linear transformations, say 
r—> uv ,y—y’,..., everything turns on whether these trans- 
formations are independent or not. For our present purpose 
we adopt the following classification in ascending order of 
complexity. 


I. Variables all cogredient. 
II. Variables cogredient and contragredient. 
III. Variables independent. 


200 MULTILINEAR FORMS [CHAP. 


If x, y,2... are cogredient and u,v, w...are all contragredient 
to x, y, 2 ..., then I is really a special case of H, when one 
type of variable, say u, v, w, is entirely absent. The more general 
case III is at present dismissed, so that our chief concern is 
with II. 

Remembering that x is a column matrix, we write in matrix 
notation ( (15), p. 149) 


f= Me, y= My, eee wee 
for the cogredient transformations of coefficient matrix M, and 


y= MOY, oS WO, WHS I &e., 


for the induced transformations of the contragredient sets 
US ie wos 


4, Cogredient and Contragredient Symbols. 


The following convention will now prove to be useful when 
we are concerned with multiple forms involving several sets of 
variables 7, y,..., U,v,.... We use the rtalics a, b, ¢ as symbols 
associated with x, y, z, and Greek letters a, B, y as symbols associated 
with the contragredient variables u,v, w. Further, we write the 
symbolic inner product involving wu and a as 


| J == 
Oy Uy Agllg +... Op Un = Ua. 


Thus the general multilinear form in these variables is sym- 


bolized by f GeO, Oates Were 


Upper and Lower Indices. 


Non-symbolically the general coefficient of f involving p sets 
of variables 7, y, 2... has already been written as a;;,.. with 
p lower suffixes. But it has been found convenient to adopt 
upper indices, as in the theory of determinants, when the contra- 
eredient variables are involved, and to write 


1SGcce 


Uijn... 


for the typical coefficient of the multilmear form, involving p 
lower and q¢ upper suffixes, answering to p sets of variables 
£.Y, 2... and ¢ sets of u,v, w.... . 

Definition of Tensor of Rank ».—The set of coefficients 


rst.. 


aij. with p lower and q upper suffixes, each taking all values 
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1, 2, ..., n 2s called a tensor of orders (p, q). It is sometimes 
called a tensor of rank r( = p-+ q). 

This use of the word rank must not be confused with its use 
in the theory of matrices. It has crept in through the work of 
physicists in the theory of relativity. For greater clearness let 
us call such a set a tensor of orders (p, q). 

ELxamples.— 


1X, + Ar%, + Az3%3 = Lai xj = ay is the ternary linear form. It has 
orders (1, 0). 
i 


Uy Oy + U_Xy + Ugo, = Luja; = uz is also a ternary linear form, but 
of orders (0, 1). 


La! xj, Uj = ax Ua is a bilinear form with contragredient variables x, wu. 


Laijxiyj = dzby is a bilinear form with cogredient variables, and so 
also is Da ujvj = Ua vg 


LaijM ei xj up ur = az? Ua? is a (2, 2) form quadratic in two sets of 
contragredient variables x and u. 


5. Equivalent Symbols. 


Any homogeneous polynomial in the coefficients of such forms 
can be expressed symbolically by introducing equivalent symbols, 
as at p. 179. So a second degree polynomial in the coefficients 
of the (1, 1) form a,u, would require two sets of symbols, say 


i if 


so that, for example, 
Oy Op == O10 Og Oy — 0, @, Wd. 


The general form a,b, ...k,Uavg ...W« involving p sets x, y, .. 


and q sets u,v... has p symbol sets a, 6, ..., k and q symbol 
gete G, ee..., .k> Lquivalent symbols a’,b, ..., Kh, @, ..., « 
whenever used are such that the substitution 
(3 Yar hae ren 
a b ees k a B reer Ss 


leaves the actual form unchanged. 
6. Effect of Linear Transformation on the Symbols. 
We can now prove the following useful theorem. 


Under linear transformation, M, M’~*, the symbols a,b, ¢ . 
associated with variables x are cogredient with u, and symbols a, B, 
y... are cogredient with x. 
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For let > x’, w— uw’ denote the linear transformations. 
Then the general form in variables a, y, ..., u,v... retains 
its same orders when expressed in terms of w’, y’,...,W,U'.... 
If we use accents for symbols after transformation, we have in 
the case of the (1, 1) form 


An Ug = aj xuj= La pu! uy =a wa. . (4) 


This is directly and explicitly secured by taking 
Og, UU aah fe et ee) 
in all cases, and defining the new symbols a’, a’ by these relations. 
But they are the characteristic conditions of contragredience. 
Hence the transformation a4 — a’ is contragredient to «—> 2’, 
anda—a’ tow—>w’. But w is contragredient to x. So a 
is cogredient with uv, and a with xz Similarly for the general 
form. 

In greater detail, let 


Dy = §, 04" + 9 Le “PCy 
tp SOY nade aa en) 


z= £30,’ + Ng Gq + Cys’ 


where for shortness ternary variables are considered. Then the 
contragredient transformation for wu’ —> wu is (p. 148, (8) ) 


Ny = Eth oe Can — "] 
Uy! = Nyy + Nee + Ng U3 = i UE eee) 


Ug = (Uy + Coty + C35 = Ug 


Consequently, for the symbols a, which are cogredient with w, 
Oy! = Gg, “Gy 0, “dg aes = 9, SS) 
while the solution of (6) gives 
Ey ee De 1 


(ent) (€xt) (Enz) (En’ 


so that the symbols a, cogredient with z, satisfy analogous 
equations 


(9) 


Pee ceo 
(ant) Ga) ™ (eqn er ee 
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Equations (8) hold for every symbol a, b,c... , and (10) for every 
a, B,y.... They also typify the general case when » columns 
€,y,...,w occur in (6) and n-rowed determinants in the denomi- 
nators of (10). We can now prove the Fundamental Theorem. 


7. Fundamental Theorem for the General Multilinear Form. 


Every rational integral invariant of multilinear ground forms 
whose symbols are a, b, c ..., a, B, y ... ts expressible as 
symbolic polynomials, the factors of whose terms are of three types 


Gg (QUE. .M), . (By... fb) 


together with numerical coefficrents. 


The proof follows the lines of previous simpler cases, but 
requires two more preliminary lemmas which for clearness will 
be explained for the ternary case. 

In the preceding formule (7), (8), (10), the coefficients 
€,7, ¢ appear along with symbols a, B, y.... Let us now 
consider d¢, i a¢ all to be of the same type as a,, and (aP6&), 
(a&n), (an 6), , all to be of the same type as (aBy). So we 
provisionally use ie symbols, 6, ¢, % which may take the 
values 


DRI key eas rae Means ey 3 a 


C0 GC 
0&1 On, OCs 
upon a product of factors of types ag, (abc), ), (Ody), which includes 
among its symbols one €, one n, and one f, is another product of 
the same types, but excluding €,, and ¢. 

Such a product is typified by the following cases: 


Lemma I.—The effect of the Cayley operator Q. = | 
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Here N denotes factors not containing €, 7, ¢; and variations 
depending merely on derangement of the order €,7, ¢ are excluded. 
Now apply the six-termed determinantal permutation é n t to 
each of these cases. Then by the fundamental identity I, 
p. 48 (cf. §8, p. 41), the result in each of the cases (i) to (vi) 
is a derangement of the symbols &, , ¢, @ and possibly ¢, yielding 
(nf) as factor. For example, in (vi) it gives 


(££) (aabg — agba)N, 


while in (vii) the result is (7) (abc)N. Hence in all cases the 
process leaves the types unaffected and produces a factor (&@). 
But by §5, p. 119 this operation is equivalent to 


=) Q= (Ent) 29. 


Hence dividing throughout by (€7¢) the lemma is proved. 


Lemma II.—The effect of the operator Q on such a product 
involving several symbols €, n, € 1s a sum of such products of the 
same type but involving one &€ fewer, one n fewer, and one © fewer. 


Since the operator Q is linear in it operates on 


Cessna 
0&, 08, 0&, 
a function involving m factors, each linear in €, precisely as the 
ordinary rule for differentiating a product of m functions of one 
variable (cf. (33), p. 122) 

d aX yd’ 


XY \ sees SY; 
a ) da ae dx’ 


In fact it gives m terms, in each of which only one factor involving 
€ undergoes operation. Likewise for 7 and ¢. Thus each such term 
behaves as in Lemma I, so that the second lemma is proved. 


Proof of Fundamental Theorem.— 


Let I[(A) denote a polynomial invariant in several sets of 
coefficients, typified by A;;,’*"""’. Then if accents denote the cor- 
responding new coefficients after transformation we have by 


hypothesis 
I(A = b(&, gar G ,w,)L (A). 
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Although two contragredient transformations 7—> 2’, u—> w’ 
are now involved, they lead to one type of determinant | J |; 
and the argument already used in §2, p. 169, shows that 
b(&, -.-, @,) can only be an integral power of | M|. This 
power may be zero or even negative. 

For instance, the ternary bilinear form a,u, has an absolute 
invariant d,, since 


ag(anl) + ay(Eal) + ay(Ena) by (8) and (10) 
(End) : | 


Cea, a 


= da(éne) | (§nb) = aa, 


after using the fundamental identity. Here the index of (&2) 
in O(é, <5 @,) 18 Zero. 

We therefore take in the ternary case I[(A’) = (€€)"I(A) 
where w is an integer, positive, zero, or negative. Let this be 
thrown into symbolic form, 


I NGp oe, 5 eee Ont ie" (ONC) LCi tng Osea, Opts) a2) 


Then by (8) and (10) the left-hand polynomial can be written 


ON. (af) (&ya) ae) 
(Ent) (Eno) (nb) 


which is a polynomial in its arguments az, dy, ..., (an€),.. - 
together with a common denominator, say (€y¢)?, since the original 
function [(A’) is homogeneous originally in each set of coefficients 
and therefore finally in each set of symbols a’ which it requires. 
Multiplying through by (&¢)P we have, as our identity, 


I (ag, An, Ue, be, DDG (ané), (a), (na), nae) 
= (&yf)"*PI(A). 


I (ag, An, Hg, be, .. 
NS 


The degree in &, &, €,is w+ p throughout; while € only enters 
the left member by way of factors of types 


ae, be, Ga oeh ERO) CENOPh co 


Since at least one such factor arises if merely a single actual 
coefficient A occurs in [(A), it follows that w+ p must be a 
positive integer. 
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We now operate w+ p times in succession with the Cayley 
operator a 


0g, . ag 


and obtain, by Lemma II, an aggregate of the desired type on the 
left, with a non-zero numerical multiple of (A) on the right. 
For the process removes one €, 7, and ¢ at each stage, thereby 
freeing the left side entirely of €, 7, €, because it does so on the 
right, at the same time preserving the desired types of factors 
on the left. Since exactly the same methods hold for the 
general as for this ternary case, this proves the theorem. 


o-|2 


8. Covariants, Contravariants, and Mixed Concomitants. 


Historically the functions which satisfy the typical variant 
ropert ’ 
eat WA)=$(G,--..@)¥(4) . . - (1) 
have been classified in the following manner: 

(i) Invariants, 
: (11) Covariants, 
Concomutants +... 

(11) Contravariants, 


(iv) Mixed concomitants. 


Functions (i) involve coefficients of ground forms only: (ii) 
involve variables z,, ..., x, besides; (ili) involve the contra- 
gredient variables u,, ..., wu, instead of «; (iv) involve any 
variables that may exist. Thus if 


fA=ae, So= 0,2, Is= Cy", 


are three ternary quadratics, we have as instances of these four 
types of concomitant 


For by the general fundamental theorem, concomitants are com- 
posed of symbolic factors aq, (abc), (aBy), ), while by (5), p. 202, 
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behaves like symbols a, b, c and x like a, B, y. Hence a,, (abu), 
(abc) are possible factors of a concomitant. Also exactly two 
a’s, two b’s, two c’s go to form expressions (12), so that they are 
actual concomitants of the quadratics. 

Here (ii) is the cubic covariant of three ternary quadratics 
which we have already seen to be their Jacobian (§1, p. 182): 
(11) 18 a cubic contravariant, because on expansion it is a 
cubic in u, Uy, Us: (iv) is a mixed form of orders (1, 2), while 
(v) is sometimes called the absolute concomitant of the field. 

This classification, however, does not go very deep, because 
all concomitants can be treated as invariants, merely by adjoiming 
suitable ground forms. Since, when r—> 2’, u>w’, 


| ere , ip : y 7 
ae ag Oo ae oh Ny atl Dy ata Ti ly. ns 


we may regard the variables w,,... , w,, as coefficients of a certain 
linear form a,, where u;=a;. Correlatively the variables x 
may be regarded as coefficients of a certain linear form u,, where 
x, =a, And, in fact, the problem of finding covariants of a ground 
form £ is indistingushable from that of finding invariants of two 
ground forms—f and a linear form u,, treating u as the variable 
on the latter (cf. p. 145). 

If we treat u,v, w,..., %, y, Z,... as such coefficient sets, and 
use U, X for variables, we reduce all concomitants involving 
ground forms f together with u,v, w,..., vy, 2, ... to invariants 
of forms f together with linear forms u,, vy, Wy, ...,U,,U,,U,,.... 

Hence the fundamental theorem covers the case of all con- 
comitants of all four types (1), (11), (i11), and (iv). 


Example.— A 
The polar process Ly; aes is a particular case of the Aronhold 
i XG ; 
process (p. 140). For it is the latter applied to a linear form U,. 
The same remark is true of any polar process (v. &c. Hence 
polarization is an invariant process (p. 141). ss 


9. Convolution and Resolution. 


The absolute concomitant (iva) can take various forms since 
by the methods of §8, p. 86, x can be resolved into n— 1 
components v, w,..., ¢ or correlatively wu can be resolved into 
n—1suchasy,... , %. 
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For ternary forms if x, y, z are three such points, and u = Y2, 


v= za, w = xy are three lines forming the sides of their triangle, 
then the expressions 


(xyz) =U,» (wow) = (y2.2e. xy) = (xyz) 


are absolute concomitants. Similarly for higher fields. This 
process of replacing one by many variables is called resolution, 
the converse being composition or convolution. 

Exactly the same processes apply to the symbols; one a 


can be replaced by n—1 such as a’, a’”’,..., a ~”; and one a by 
fire le SOEs dee 
Example.— 


The ternary quadric a,” could be symbolized by (a’ a” x)?, 
where a, = (a a’’)s3, é&e. 


10. The Fundamental Theorem for the General Case. 


In order to cover all cases contemplated in the classification 
of (12) above, we must consider a possible ground form with 
several sets of variables and perhaps distinct fields of lmear 
transformation. The case of absolutely distinct fields will be 
dealt with later in §4, p. 240, but to round off the present in- 
vestigation we must contemplate the ground form which contains 
rth compound co-ordinate sets, r= 2, 3,..., m — 2, the case 
r == n — | having already been included. 

As an example, consider the multilinear form in three 
variables x, y, z 

f= Ogby 6, = DA jj, ;Y;%- 


Suppose that it is not the most general polynomial in y and 2, 
but changes sign when y and z are interchanged: namely the 
coefficients A;;, obey the law 


Aj jy, =o A inj 
for all values of j and k. Then after interchange we write 
—f= a,b, = = DA sy U2; Yu 
whence by subtraction 
Af = a,(byc, — bey) = DA jj, @;(Yj% — Yur) 
= 6,(be'| yz)= DA 554.0; (YZ) jy: 
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This is now a bilinear form in two sets, x and a second compound 


TT, = yz. We note that f is symbolized by two symbolic linear 

factors, one for x as before, and the other, (bc | yz), a type already 

familiar through the theorem of corresponding matrices. 
Furthermore, if 


Wiiceb ane i 
are algebraic complements among n suffixes jhl...m deranged 
from 123...n, and if variables v...w, contragredient to y, are 


introduced, we have by the principle of duality 


(Y2)n=@--- ms (be | yo) = (bev...) (13) 


But this last is an ordinary bracket factor of n symbols, which 
we can also write as 


(cue) tie (Depa) oly sce. San u(LA) 
where p, 5 18 the n-rowed matrix of currency (n — 2). 


More generally, by the same reasoning, a form 


g = b¢,dy ey... 
alternating in y, z, also in y’, 2’, also in y”, 2’’, and so on for q¢ 


pairs, is symbolized more explicitly by 


(bc | yz) (de| yz)... = (be) mp) (de| m5')... = (be P,o) (de pn 2)... 
and if these second compounds 7, 7,’ ... happen to be equal, 
the form is 


(be | ry) (de'| a5)... 


of degree ¢ in 71. 


What has been said of these second compounds would also 
apply to other values of 7. In this way we are led to consider 
such a ground form as 


F = 4,0,','"... (be | 29) (b'c’ |zrq') .. . (def | 73) (de'f"| 175’) sting tel) 


with g, factors like a,, g, involving second, q, third, ..., and 
finally ¢,_,, (”— 1)th compounds of type u. When r= y= z, 
= 9, ..., 7, =7,, -.-, this is called a mixed ground form 
of orders 

(Geos UG penbes Gye (16) 


(D 884) 15 
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in the variables x, 7, ..., 7,1 = uv. Ata later stage it will be 
seen, as Clebsch was the first to prove, that this is the most 
general type of ground form necessarily occurring in the invariant 
theory of one set of variables and all its compounds. At present 
we have merely found that such a form may arise. With this 
theorem of Clebsch ultimately in view to give significance to 
the form F, once more we adapt the Fundamental Theorem to 
include F as a possible ground form. 


11. Proof of the Fundamental Theorem. 


To effect this, it is only necessary to show that the new type 
of factor in F, due to the rth compound (r= 2, 3, -.., n — 2) 
leads to the same general final result as before, namely an aggre- 
gate of types 
Ga, (0005 2m),- Ta Byaten): 


The typical new type of factor in F is 
(A, | 1)) = (dy0q~+..0, | a7,) = (GyOg 2. Opi Yorant)s 
(f= 200s weg = ays 
where each a; is a symbol cogredient with a or u, and where 


Yy, %..., tare r variables cogredient with 2 We denote the 
expanded form of this type of factor by 


Q) | yy Az ERS 


where Q, is the determinantal permutation of 7! terms previously 
denoted by 


(14 Ay, €. Te: is Oy. 
Let this be done for each such factor, where r = 2,3,...,n — 2, 
so that # is now expressed symbolically in terms of symbols and 
variables a, u, a, © as before, except that certain groups of 


symbols a undergo determinantal permutation. 
For instance, if A denotes aa’ and B, bb’, the form 


F = (A | yz) (B| at) = (aa' | yz) (bv’ | at) 
is now written 3 


P= Qi ay,0,' 06,6) = O.,0,0,0,/ b,b/. 
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It consists of four terms due to simultaneous derangement of 
aa’ and of bb’. Clearly we can write it in many ways 


— , (ale a a t ? 
F=Q,0,0,0,'b,6, = ,0,0,... =—0,0,4,'a,6,b/, 


and so on. 

Hach operating symbol © now denotes a group implicitly 
convolved (§10, p. 46) in the operand, as shown by the suffix 
of Q. 

If there are v such groups A, B,..., K in the form F we 
denote the expanded form of F by 


Pies ONO aA ue ial 


where G denotes all other factors of F not so affected. 

Now any actual coefficient A’,,*-: of F after linear trans- 
formation is obtained symbolically by substituting one or other 
of €, 7, ...,w for each variable y ... occurrmg in F. Hence 
it only differs from the result in the previous case by having v 
groups of symbols implicitly convolved. 

Since these symbols a,,..., k, do not include €, 7, ..., w, 
the Corollary IV, §11, p. 49, applies when we permute €, 7, ..., w, 
as is the case when the Cayley operator Q acts upon a supposed 
invariant. Thus we can perform each step of the previous proof 
of the Fundamental Theorem, and obtain the same result as 
before, only modified in this respect, that 

In the final aggregate of types 


da, (abe...m), (aBy...p) 


every group of symbols ay, a9, ..., a, which were convolved in the 
original ground form, still preserve this property implicitly in the 
symbolic form of the invariant. 

With this proviso the theorem has now been completely 
established for mixed ground forms in any number of compound 
variables for the field of order n. 


Example.— 
In quaternary forms three types of variable are used 


WW= Lt, UW=p—tY, U>= YZ. 


The form 
F =k, Py = (aa'p) = (aa'u) 
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is called a linear complex. If equivalent symbols are used, we 
bare (aa’uv) = (bb'uv) = (ce’ur) = (dd'w). 


Hence a possible invariant of weight two has the term 
(aa'be) (b’c'dd’'), which gives rise to a four-term series due to 


the couple of alternatives b, b’; — b’, b and of ¢, ¢; — Cc’, ¢. 
According to the Fundamental Theorem this series would be 
an invariant, =O; Q,,(aa’be) (b'c'dd’), 


where (,, denotes the derangement of bb’, and Q,, of cc’. Such a 
notation is preferable to the dot notation when several indepen- 
dent derangements proceed simultaneously. 


EXAMPLES? 
1. If the above invariant is written as 
T= — 07 Q¢ (b’aa’c) (c’dd’b) = —{ BACD} 
where A denotes aa’, and B, bb’, and so on, prove that 
{ BACD\ = {CDBA} = ({ BDCA} = {CABD}. 


2. Using identity J, p. 45, to convolve cc’ explicitly in J, prove that 
{BACD} + {BCAD} = 2(AC) (DB), 


where (AC) = (aa’cc’). Hence prove that . 
I = (AB) (CD) + (AC) (BD) — (AD) (BC). 
This procedure renders each of the four convolutions A, B, C, D explicit. 
Originally two were implicit. 
8. Let J = Q¢ (abb’c) (c’dd’d”) = (aBCS), say. Then J is a simul- 
taneous invariant of a plane a, two linear complexes B and C, and a point 
5. Here a is cogredient with u,B and C each with p, and 8 with a. 


Prove the identity 
(aBCS) + (aCBS) + (BC)as = 0. 


4. An invariant exists, linear in the coefficients of three linear com- 
plexes and two planes. 

Let K = Og (abb’c) (c’dd’e) = (aBCDe), where B, C, D refer to three 
complexes, and a, e to two planes. Prove that (aBCDe) = — (eDCBa), 
and that 

(aBCDe) + (aC BDe) + (BC) (aDe) = 0. 


5. Prove that (wBCDu), which is a special case of the expression K, is 
an alternating function of B, OC, D. Thus (uBCDu) = — (uCBDu) 
= (uCDBu) = &e. 


6. Discuss the corresponding dual invariant 
KK! = Op OQ) (ab) (b’cc’d) (d’e) 
of two points «, 3 and three complexes B, C, D. 


1 For references see §13, p. 330. 


CHAPTER XIII 
SymMBoutic Mretuops or REDUCTION 


1. The Fundamental Identities. 


The First Fundamental Theorem has provided a uniform in 
which any concomitant can be dressed, together with a means 
of constructing as many as we like. The next stage in the theory 
is to learn how such symbolic forms behave, to simplify or reduce 
or transform them. Like ordinary numbers and like matrices, 
they have their fundamental properties or rules of combination. 
For binary forms these run as follows: 


(i) (ab) = — (ba), 

(ii) (be) a, + (ca)b, + (ab)c, = 0, 

(iii) (be ns d) + (ca) (bd) + (ab) (cd) = 0, 

(iv) a,b, — ab, = (ab) (ay). 
) 


(Vv The interchange of equivalent symbols. 


All these properties have been established and illustrated. It 
is perhaps the last which presents the greatest novelties and 
apparent drawbacks of the symbolic methods, because it leads 
to alternative expressions for one and the same invariant, 
without suggesting which of them is to be taken as the simpler. 
Thus these three expressions 


(ab) (ac) yea, $(ab)Pe,2, “(ba) (be) ent 


are all equal to (aja, — a,") x f for the bimary quadratic 


‘ 2 2 2 2 
fH M by? + 20, L, Ly + My Lp CaO, 


Again, as in the theory of determinants, very substantial functions 


such as (bc) (ca) (ab) can vanish identically—but for a new reason, 
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owing to the operation (v). For if a, 6 are equivalent, then on 


HI (be) (ca) (ab) = (ae) (cb) (ba), 


and by three applications of (i), this last is —(ca) (bc) (ab) whence 
2(bc) (ca) (ab) = 0 or (be) (ca) (ab) = 0. CE. §3, p. 18. 

For forms in 7 variables analogous properties hold, but owing 
to the two types of symbol a and a with contragredient behaviour, 
there are now the following laws: 

G) (ab... m= = 08s. Mh) = oe 
(OB oe eth) (Barren fe) oa, 

(ii) Il, = (ab...m) (na) 

— (nb...m) (aa) +... + (—)" (nab...) (ma) = 0, 


— (vB...) (aa) +... + (—)"(voB...) (ua) = 9, 
(ii) Tl, = (ab...m) (wo... w) == (ub... .m) (a. wy) +o = 0, 
Il, = (a8... p) (ay. 2) — (48s. 2p) (ay. 5-2) ss = OF 

(iv) Il, = (ab...m) (a8...) — X+ (aa)... (mp) = 0~ 
(v) Interchange of equivalent symbols a with 6 or a with B. 


Here II, and II,’ are dual identities, and so also are II, and II,’. 


They follow from (IV), §9, p. 46, while IT, is a statement of the 
product theorem.of two determinants. 


2. The Second Fundamental Theorem. 


The question now arises, granted that these identities teach 
us something of the properties of symbolic forms, do they leave 
any gaps, do any properties escape? The answer is given by a 
very remarkable theorem usually called the Second Fundamental 
Theorem, which was originally proved for binary forms by 
Gordan.’ Later a proof when n= 3 was given by EK. Study? 
and for the general case by E. Pascal,? and recently for com- 


pound co-ordinates and for restricted transformations by R. 
Weitzenbock.* 


1 Cf. Gordan, Invariantentheorie, Bd. II, $117: Pascal, Battaglini, 26 (1888). 
Grace and Young, Algebra of Invariants (1904), p. 368. 

» Study, Methoden... (Leipzig, 1889), p. 75 and p. 204. 

3 Pascal, Mem. del R. Acc. dei Lincei, V, 4a (1888). 


4 Wiener Berichte, 122 (1913). 


Cf. Invariantentheorie, pp. 98-113, by the 
same author. 
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The theorem states: 


Every identity satisfied by invariants (concomitants) can ulti- 
mately be expressed by the fundamental identities together with the 
principle of the interchange of equivalent symbols and the laws 
of ordinary algebra for the combination of the three elementary 
types a, (abe...m), (aBy...p). 

In other words the symbolic theory is a complete and self- 
contained discipline; and from the logical point of view it is this 
which gives it a permanent importance. 

The theorem tells us that any such polynomial identity II 
symbolizing such an actual identity in coefficients and variables 
of ground forms can be expressed as 


WH = A,ll,+ 4,0, + 4,11, + 4,, + A, II, = 0, 
where, of course, these coefficients A; need not vanish identically. 


3. Binary Quadratic Forms. Reducibility. 


As an illustration of the symbolic principles of reduction, 
we shall consider the problem of finding all possible different 
types of concomitants of a set of binary quadratics. 


Let Si = yy By? + 2Ayy Ty Ly + Aggy Lo? = A,”, 
Fa = Oy Gy? + 2D yy Ly + Dygy Go? = 6,”, 
is=¢,; f, = 4d," &e., so that for each letter a, 6, ¢, d ... we 


have relations 


Vj = Ay = 4,0,= 40, 1,9,= 1,2. «© . (2) 


(1) 


If we consider merely one variable x, together with these co- 
efficients, every concomitant is expressible, by the fundamental 
theorem, as an aggregate of factors (ab), a, where every letter 
a or b is duplicated in each term. For example, 


V = a, (ab)b W = c,(ca)d, 
are covariants, and so also is 
(ab) (cd) aby Cy dy; 
which is easily seen to be the same as VW, and is said to be 
reducible because it is expressible in terms of simpler covariants. 


But V itself is not reducible by such factorizing because no 
partition into factors @,, (ab), b, gives an actual covariant in non- 
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symbolic form. The covariants V and W are said to be of the 
same type because they merely differ by choice of symbols 
a, b, c, d of the ground forms; their structure is the same. 

Rejecting forms of the same type and obviously reducible 
forms, we can immediately write down a list of possible single- 
term invariants. They would be 


(ab)? = Dp, 


with a similar list of covariants 


= 


C= 
Aq, (4b) by = Che, 

Che. 

C. 


_ 


a, (ab) (be) ¢, = 
d,,(ab) (be) (cd) dg, = 


12349 


For these are the only possible structures, involving two a’s, 
two b’s... which follow the conditions laid down. Thusif C;; _, 
D;;,.. refer to quadratics f;, f;..., every concomitant must be 
a polynomial in C;; , D;;.. We may, however, reject all but 
the first two he in each list as apie in terms of these 
simpler concomitants. 

In fact by a fundamental identity since 


(bc) az, + (ab) c,, = (ac) b,, 
therefore, squaring both sides, 
(bc)?a,,2 + (ab)?c,2 + 2a, (ab) (bc) c,, = (ac)?b,?, 
or 2C 193 = Dy3 fo — Dighs Days fy: 


a dividing by 2 this expresses Cj,, in terms of the simpler 
D;;, f;. Likewise for C;;,. 


Next by polarizing this identity with regard to y,, ys, and 


, 0 
remembering (y =< ees = AyC, + AyCy, we have 
£ 


Ay (ab) (be) ey + dy (ab) (be)ey = Dys b,, Dts Cs 6, — Dao a, 


identically true for all values of y. 
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In particular, if y, = -- d,d,, y, == d,d,, then 


Cy = (cd) d,,; 
whence 


But, by a fundamental identity, 
a, (ab) (be) (ed) d,, — d,, (ab) (bc) (ad) c,, = d,, (ab) (bc) (ca) d, 


: = Dyps fa: 
Adding these two results, 


2a, (ab) (bc) (cd) d, = Dy Cog — «.. + Dios fa, 


which expresses Cy,34 polynomially in terms of Dyy3, D;;, O;;, f;- 
Similarly by putting y, = — d,(de)e,, &c., we reduce Cy54,; and 
so on for all successive entries in the column of C’s. 

Further by squaring the identity 


(be) (ad) + (ab) (cd) = (ae) (bd) 


we reduce Dj53,, or what is the same thing by putting x, = dg, 
Lo = — d, In Cio, we effect this reduction. Each further entry 
of the D column is reduced by similar substitution for z. Thus 
we have proved the theorem: 

All concomitants of any number of binary quadratics are 
expressible in terms of four types: 


a,°, (ab)a,,b,, (ab)*, (bc) (ca) (ab). 


Corollary.—Since (ab)a,b, = — (ba)a,b,, vt vanishes rdenti- 
cally when the two quadratics are the same, by interchanging 
equivalent symbols. Similarly for (be) (ca) (ab). Cf. §1, p. 214. 


Hence C;;= 0, D;;; = 0, leaving f;, C;;, D:;, Di, Dijx (where 
i, 9, & are unequal) as the only possible irreducible concomitants 
of the quadratics. All these, except the last, have already been 
discussed in Chapter VIII. 

We now see that they are completely typical of all possible 
concomitants. By no possibility can any of them be expressed 
rationally and integrally in terms of the others, as the reader 
will see if an attempt is made to do so. Accordingly they are 
said to form a complete system, and every polynomial con- 
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comitant is expressible as a polynomial function of members 
of the complete system 


$ (fis Cijs Dir Diz, Dijn)- 
The following table can now be made. 


CoMPLETE SYSTEM OF BINARY QUADRATICS 


Number of Invariants. Coyariants. 
Ground 
Forms. Degree 2. Degree 3. Degree 1. Degree 2. 
1 1 0 1 0 
2 3 0 2 1 
PA n(n + 1) n(n — 1) (n — 2) bs n(n — 1) 
2 6 2 
| 


4, Significance of the Complete System. 


In §9, p. 139, we found the discriminant of the pencil of 
quadratics U+ AV. Hence the discriminant for f, + Af, 
will be 


(241492 — 42”) + A (yy Bgq + yy, — 242042) + A” (Oy 29 — 049"). 
Symbolically this is 
4 { (aa’)? + 2A(ab)? + d2(bb')? 
where f, = 4,2 a 24 f.= 0/7 = 0' 2. Thus the diserminant 
of the pencil f, + Af, 1s 
(Dy “ 2AD4» re d? Dyp). 

Hence D;; is the discriminant of the quadratic f;, and D,, 

is the simultaneous invariant, sometimes called the harmonic 


invariant of two quadratics f, and f. 
Next, the other type of invariant can be written as, 


ay? aya, a," 
Dy23 = (be) (ca) (ab) = — by GyDeiaiOas 


2 2 
Cy" Clg CQ" | 
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which is easy to verify. Hence in terms of the actual coefficients 
it 1s 

eM | 

by Oy Op . 


Cyy Ge Coe 


This important invariant is called the determinant of the co- 
efficients of three quadratics. When it vanishes the quadratics 
are said to be in involution. But such a determinant vanishes 
when and only when the three quadratics are linearly dependent, 
§2, p. 75. In fact values A,, Ag, A; exist such that 


Ah = do fe “a 3 f3 = 0 


identically for all values of 2, %p. 

Since a binary quadratic has three coefficients, three quadratics 
naturally lead to a square coefficient matrix. If the rank of this 
is less than three, the determinant D,., vanishes. 

Next, there is the covariant C, = (ab)a,b,, which is the 
Jacobian, already noticed in §12, p. 144. For 


CO. 0D" 
Oz, O02 b.b 
4 : ; Se be fet = (ab) ay b, 
CG ORO Any Oy bg 
| Ox, Oa, 


5. Canonical Form of Two Binary Quadratics. 


Suppose the Jacobian J = (ab)a,b, has two distinct linear 
factors X, Y. Since these are linear in 2, x we can take them 
as new variables. Let the quadratics f,, f, now be 


Ay, X? + 24,,XY + Ag Y*, Bi X?+ 2B,.XY + By Y*. (3) 
Reference to (48), p. 144, shows that J takes the required form 
AXY if, and only if, 


Ay, By, nt A,,By as 0, Aj, Bop ee A, By = 0. (4) 


For these vanishing expressions are the coefficients of X? and Y? 
in J. This requires either the original quadratics to differ by 
a mere constant multiplier so that 


Ay : Ayy : Agg = By: Byy : Bog, (5) 
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or else A,, = By = 0. In general the first alternative is not true; 
hence two distinct quadratics whose Jacobian has distinct linear 
factors can be expressed as the sums of squares 


A= A,,X? ss Ay, Y?, f= By xX? at Bre : (6) 


Further, if the quadratics have non-vanishing discriminants, none 
of A,,, Ags, By, Bop vanish, otherwise f, or f, becomes a perfect 
square. We can therefore take 


eA A rN Fee A cra ee) 
as a new linear transformation, finally obtaiming 
fra XP A, Ja 4X 4X - (8) 


where A, = By,/A1,, 4g = Bog/Ag. This is called the canonical 
form of two binary quadratics, to which any such ground forms 
can be reduced provided that they satisfy the conditions inci- 
dentally utilized above. 

If we write M for the modulus of the transformation from the 
original variables x,, v, to X,, X, then the Jacobian and dis- 
criminants of the canonical forms are (p. 144) multiples of the 
original Jacobian and discriminants, namely 


MJ, M?D,;, M?D,», M?Dy». 


Thus by direct calculation we find 
MJ = (A,— Ay) X,X,, M?D,=2, M?D.,=A,+ A,, 
Me Die 224. Age ethan ek) 


Hence the concomitants satisfy an identical relation 
230° = 2Defife— Duf—Def?, . . (10) 


as is readily verified from the canonical forms. This is the only 
relation which exists between these six forms, for in (8) and (9) 
the five quantities M, A,, A,, X,, X, are arbitrary and any further 
relation between the concomitants would reduce the number of 
these arbitrary parameters to four. 
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EXAMPLES 
1. Find the discriminant of J, and its significance. 


2. Prove symbolically that the simultaneous invariant of the Jacobian 
of two quadratics f,, f. and another quadratic f3, is Djo3. 


6. Extension to Forms of Higher Order. 


Before giving a geometrical interpretation of these results, 
it is worth noting how they may be extended. Since the symbols 
@, Ay, b,, by ... behave like ordinary numbers, any identity, 
or relation, established for quadratics necessarily gives inform- 
ation about cubics and higher forms. 


EXAMPLES 


1. Just as (ab) az by is the Jacobian of two quadratics, (ab) az"~1 byr-1 
is, to a constant numerical factor mn, the Jacobian of an m-ic ay’ and 
an n-ic by”. 


2. Since 2(ab) (ac) brex = (ab)®¢x® + (ac)*ba* — (bc)®ax? ($3, p. 216), it 
follows that 
2 (ab) (ac) ax” ~ 2b," Leg? = 1 = 
(ab)2 ay" ~ 204 — 262 + (ac)2 ag" 24" Cg — 2 — (be)2 ay! by —2 62? —2, 


when Hoe bw Sls got ll, 
In such identities the significant parts of each term are the bracket 


factors, for, if these are known, the z-factors dx, by, Cx follow automatically 
to make up the requisite number of symbols for each term. 


7. Transvectants. 

Definition of Transvectant.—The covariant (ab)'a™—*b™* 
of binary quantics f = a,™, 6 = b,” as their rth transvectant, and 
es often written 

(f, 9)’ 


If + exceeds the lesser of m and n, the transvectant is zero: 
if r= m= Nn, it is an invariant: and if r= 1 it is, to a constant 
factor, their Jacobian, written (f, ¢) with the index omitted. 

We may easily prove that all odd transvectants of a form 
f with itself vanish identically, and all even transvectants give 
its covariants of degree two. For if 


i a, — Dns 
then 
Ge a — (ab) Cpe Oa == (—)"(ba)’ Coe On ey 
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which leads to a zero result after interchanging equivalent 
symbols, if 7 is odd. Also by the fundamental theorem the only 
covariants of degree two are polynomials in (ab), a,, 6,: hence 
they are transvectants. 

Another important case is the Hessian of a binary m-ic,namely, 


af 
On? 00a, 


af af 


ies eee al 


m—2 


2 m—2 
Uy ay by by by 


m—2 


= 2 a ne 
ent (m 1) 2 b m—2 b,2 
Ay G42 Oy 2 


at" 6 5 
1 1 m—2 , m—2 
b, 


a by A, 


A, 
== tm? (m— 1)? (ab)? a"? bn 
ag 
2 


m(m— 1)? (f, f)? = 4m? (m — 1°. 


Here we have started with the Jacobian of the two first polars 


a ; a of a binary m-ic, and have thrown it into symbolic 
OD, Os, 
form, thereby requiring two equivalent symbols because the 
original determinant was of degree two in the coefficients of /f. 
The result (f, f)? shows that the Hessian is a covariant, a 
feature which can easily be generalized for the Hessian of 1 
variables. 


EXAMPLES 
. The Hessian does not exist for a linear form. 
. The Hessian of a quadratic is its discriminant. 
. The Hessian of a binary cubic is a quadratic. 


. The Hessian of a binary quartic is a quartic. 


oo FP CO WO HF 


. The coefficient of the highest power of a, in the Hessian of 
aren occig ei ‘ X15 Ly)" IS Aytg — 4,7, to a constant numerical factor. 

of 
uj 0 x) 
= Agi’ = by == fll, 


6. Write in full the Hessian 


of a ternary form 


and show that neglecting a numerical factor its symbolic form is 
(abc)? Agin—2 byt—2 Cy" —2, 


7. The bracket factors of the Hessian of an n-ary form a,? = byP 
= &e., are (abc...m)?. The Hessian is of weight two and degree n. 
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8. Reducibility of Jacobians. 
We can now prove two theorems concerning binary Jacobians. 


THEOREM I.—The Jacobian of two quantics, one of which is a 
Jacobian, is reducible. 


This is often quoted as: the Jacobian of a Jacobian is reducible, 
and it is true of forms of general order n.1 


Proof.— 
Let (f, 4) denote the Jacobian (ab)a,'"~'b,"~1 of f= a," 
and ¢ = b,”. Then the Jacobian of (f, ¢) and ¢ = ¢,” 1s 


O(f, $) Op 


On, ea, 
a(f $) ob 
One KON, 


(m— 1) (ab) a,'"-*b," 1a, + (nm — 1) (ab)az""1b,"-* by, pe,? 1 ey 
(m— 1) (ab) a,"~? 6," ay +(n _ 1) (ab) a as Lee bo, DP Cy . 


Breaking this up by columns into two determinants it gives 


Pp { (m = 1) (ab) (ac) by Cy 
He (h (ah) (Oc\a,cn\ a," "ba o,P 


But 2 (ab) (ac) b,c, = (ab)*c,,2 + (ac)*b,? — (bc)?a,? 
and 2 (ab) (bc) a,,¢, = — (ab)?c,? — (be)?a,,2 + (ac)?b,?. 
Therefore 2J — (m+ n— 2)p 


— g M@-2p 2-2 a ie b)2c,2 2h 2 — (be)? ol 
a" *b2-4op-*| MA (abo? + (afb, — (boa 


= OP et FOP d— GO WPS 


which proves the theorem. 


TuEoREM II.—The product of two binary Jacobians is reducible, 
for all cases excluding linear forms. 


1 Cf. Gilham, Proc. London Math. Soc., 2, 20 (1921-2), 326-328. 
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Proof.— 
By use of the identity 
(cd) a, = (ad)c, + (ca)d, 
together with the preceding identities, we have 
2 (ab) (cd) a bye, dy = 2(ab){ (ad) og + (ca) dy} bute dy 

= (ab)?c,°d,? +- (ad)?b,?¢,? — (bd)?a,,"¢," 

— (ab)?c,?d,? — (ac)?b,2d," + (be)?a,,7d," 
giving four terms after cancelling two. Now we multiply through- 


out by 
—2 W—2, Ng—2 Ny—2 
FN NgNg Ng Ay Dy ae Ge d,, a @ (n; = iy, 


and interpret the result with regard to four ground forms 
ti aa a Se S De fs a] Oy ta a Oy 


Hence the Jacobian of f, and f,, multiplied by that of /, and f, 
is equal to 


MH Neng 


ot {Ha defs + Hoshi fa— His fafa — Hoshi fs) 


where H,, = (f;, f,)”, &c.; and this effects the reduction. 


In these two theorems we have expressed a more com- 
plicated covariant in terms of covariants of lower degree, 
thereby gaining results which have wide applications. Tbe 
most useful case ae the latter result is when f/f, =/,=/f= a,” 
and f, = fp = (aba, by" the. Hessian of. tu thie 
case the two Tay in question become 


(fy Se) = (fs fr) =(f 2) 


the important covariant of degree three, usually denoted by the 
letter ¢. The theorem then tells us that the square of this cubic 
covariant is reducible. On this result, or syzygy as it 1s called, 
the whole theory of solving binary cubics and quartics depends, 
and also the remarkable theory of finite groups of rotations 
whereby the five regular Platonic solids may be brought into 


coincidence with themselves, a subject very beautifully discussed 
by F. Klein.1 


1 Lectures on the Icosahedron, translated by G. G. Morrice (London, 1913). 
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9. Remarks on the Proof of the Second Fundamental Theorem. 


The existing proofs for the general case of this theorem are long and 
difficult, but can be much simplified with the help of a recent discovery 1 
by R. Weitzenbéck concerning all possible relations between the com- 
pound co-ordinates m, = (xy... Z)iyty...i, Where 2< r<n— 2. Fora given 
value of 7 < $n, every polynomial relation R(r,) which vanishes identi- 
cally when 7, is resolved into elements 2j,,..., 2i,, can be expressed as a 
finite series & A, II,, where each II, denotes a quadratic relation in r,. Now 


all such p-relations as they are called fall under the type II, already quoted, 
a well-known instance of which is 


P12Ps1 + Pos Pia t+ P31P21 = 9 
between line co-ordinates (xy)ij = pij, when n = 4. 


The proof is very like that of the First Fundamental Theorem, re- 
quiring also Bazin’s theorem (Ex. 9, p. 56) and the conception of implicit 
convolution (herausgegriffenen Reihen) for its completion. 


These p-relations have hitherto been known to be sufficient to express 
all relations between each set of compound co-ordinates, because they 
furnish a particular case of the Second Fundamental Theorem. But this 
direct proof, recently found, provides a more direct approach to this 
theorem. 

Another useful method is developed by B. L. van der Waerden, 
Math. Annalen, 95, (1926), 706-736. 


1 Weitzenbéck, Math. Annalen, 97, (1927), 788-795; 99 (1928), 493-496. 
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CHAPTER XIV 
SEMINVARIANTS. ALGEBRAICALLY COMPLETE SYSTEMS 


1. Seminvariants and Leading Term of a Concomitant. 


Symbolic methods lead quickly to the important result that 
a binary covariant is completely specified if its leading term is 
known, by which is meant the term with the highest power of 
z,. By the fundamental theorem the symbolic product 


C= (ab) (a0)? ong 0st 


is a covariant, provided it contains the requisite number of 
symbols a, b, &c., imposed by the ground forms. If this is of 
order @ in 2, % we may adopt a new symbol and write it as 
a,°. Thus 

a, = (aby? (ac)... dy"b,? 


is identically true for all values of z,, x. Letw=p+tq-+..., 
the total index of the bracket factors. 
Now consider the polynomial S defined by taking z, = 1, 
2 =O, in'Cy 
S == (GbR (ae\ee ed Oi nae 


since in this case a, = a,, b, = b,, &e. Then S is a polynomial 
in the coefficients, and in fact is the leading term of the covariant 
C. When «> a’, let SS’. Then (p. 184 (8)) since (a’b’) 
= (&y) (ab), a,’ = ag, we have 


IS = (CONE (Get) ae ae, tO 


= (€m)” (ab)? (ae)! .. ag” be 

= (€n)"az°. 
If we divide S’ by ()” we obtain az®, the original covariant with 
E,, €, replacing 2, x. So from the leading coefficient of a covariant 
we deduce the whole covariant by making the linear transformation 
on the coefficients and dividing by a suitable power, w, of the 
modulus. This process is non-symbolical. 
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For example, (a8)?a,8, is a covariant of the cubic 
Aye? 34,%,*¢,+34,%, 2," + 4,02 = 4,2 = 'B.°. 
Its leading term is (af)?a,B, 2,2 


= 4B, (a4? By? — 2a, a8, 8, + Ay” By?) 2? = 2(AyA, — Ay?) xy? 


The leading coefficient is called a seminvariant. Symbolically 
we may define a seminvariant to be a polynomial in the types 
(ab), a, where the suffix is always unity. Non-symbolically the 
seminvariant is usually defined to be an invariant of the restricted 
linear transformation 

y= Hy + 22", 
ae 2X’ 


where it will be noted that the coefficients €,, €, are 1, 0. Mani- 
festly the symbol a, is now invariantive because 


ay = ae = 4; 


whereas the symbol a, is not. It will further be noted that this 
restricted transformation belongs to what has been called an 
affine group (§7, p. 162). 


2. Seminvariants as Solutions of Partial Differential Equations. 


The seminvariant provides a useful means of studying the 
concomitants of ground forms, without recourse to the symbolic 
methods. The leading idea which governs this alternative theory 
lies in the solution of a differential equation 


oS Os 
% — + 2 ee tacts a ep Op 
Oa, 0s 


where S is regarded as a polynomial in p+ 1 ean 
variables a, a1, ..., @,. Sylvester and Cayley first studied this 
equation, basing their results on the fact that if these independent 
variables are coefficients of a binary p-ic (dp, dy, ..- » Up § %, Lp)” 
then every polynomial solution of the differential equation is 
a seminvariant of the p-ic. The seminvariant S has, in the 


words of Sylvester, an anmhilator Q, namely 


(2) 


‘i 0 
SM eat ator Meee eee 
1 2 
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Further, every polynomial J annihilated both by Q and the 
corresponding operator O, given by 


a 


0 ) 
= i a i tia b Page Te) 
p— 0 


is an invariant of the p-ic. 

Granted the first result, the second follows in various ways. 
Thus it will be seen that O is derived from Q by reversing the 
terms of the p-ic. Consequently 1f QS = 0 implies S is a leading 
term of a covariant, then OT = 0 implies 7 is the final term of a 
covariant. Symbolically S being composed of types (ab),. a, 
then 7 would involve (ab) and a,. Accordingly they can only 
be the same expression if a,, a, are absent and type (ab) is left, 
giving an invariant. Or, again, the leading term contains no 2», 
so the final term contains no z,, hence the covariant is free from 
both variables, and is therefore an invariant. 


We therefore consider the annihilator Q. To this end let 
the non-homogeneous form be taken 


f(a) =U, = age? + paye? +... + ay, . (4) 
so that 
d ek 
ee =P (do, Gees Gai hen l)y o 


d? - 
ao (p—1)U,_.=p(p— 1) Gor &, =; Ayo 4 &, rare 


dx? 


and soon. Then if c= y+ h, 


FOF W=LO) +f OE AT {OH 


= doy? + pU (hy? + (B) Ua(iy?* +... + Oy (h) 
where 


U,(h) = aqh+a,, Up(h) = ah? 4+ 2ajh+a,, &. . (5) 


Now if a, 8, ..., @ are the roots of f(x) = 0, then any poly- 
nomial F(a, ...,@,) 18 a symmetric polynomial function 
d(a, B, ..., w) of these roots. Also since y= x — h, the roots 
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of the corresponding equation for y area —h, B —h,...,0—h. 
So we are led to the identities 


O(G; PB, <..; 0) = Py, Oy, s<., Gp) 
PN hy nian, OO — ea (dy (h), 1 oy Uy(02).) (6) 
= F (do, Ah + ay, Agh* + 2a,h+ dg, ...). 


Expanding both sides as ascending power series in h and retaining 
only the first power of h, we have by Taylor’s theorem for p 
variables, 

0 0 0 


ape em) h(— ! iz gl od =) ba, By --) 


0 
Sal (AGN ee ay) +1 (4g + Bay 5 aR 0 ea ~\ Fldpy-+:). 
Ay Ody 
ese the co operators are equivalent: 
0 0 0 0 
+2 me +... + —|}, (7 
to 5 =a re pee ar Pegs 5a, (— | ap | | --)s ) 
the first Q taking effect on a function F explicitly containing 
ay, .-.,4,, the second on the same function expressed in terms of 
the roots a, 8, ...,w. Hence any solution of QF = 0, when 
expressed in terms of the roots, is a solution of 


ap , oo ss 
Si eee SORT 


But the general solution of this last differential equation is found 
from Lagrange’s auxiliary equations 


da dp da _ dd 
1 ee ee Om 


Independent integrals of this system are ¢ = constant, and p — 1 
differences of the roots. So any solution of the equation (8) is a 
function of the differences of the roots, say 


Of Gp, Oa Ne eee aa (9) 
Again, in the alternative form QF — 0, Lagrange’s auxiliary 
equations are 
dd, da, dd, da, dF 
0 TT DO = oe , 


Independent integrals of these are # = constant, and, including 
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° 


dq, p solutions involving the a’s. But such solutions are given 
by the system 


Sp= Ao 

2 
Sy = Apdy — My 

1S 3 
Sy = Ap? Az — 80944 A + 204 


Sy = Ag dy — Ady? ds + Bag," dy — 3a," (td) 


S_= apo ay— page *a,d,_4 
aR (Bharata, _s oe he) Pe ae 


For these polynomials are the numerators of the rational functions 
Uy(h), Uy(h), ..., U,(h) when h= — a,/dp, as is seen by sub- 
stitution in (5). Also each U;,(h) is a symmetric function of the 
roots of f(y + h) = 0 as an equation in y, and further, in this 
particular case each root for y is a function of the differences of 
the roots a, 8, ..., for x, since 


XM p Pp 


ey et tay a (a—B)+(o-y)+.-.+(e-o) 


Hence U;(a,/a,) 1s a particular function of type S. Finally since 
the p functions S; are independent (S;,, including a;,, not found 
in §;), the general solution of the equation QF = 0 is established; 
namely F is an explicit function of the p polynomials S,, 


F(SigS 8 aaeees 


Thus a polynomial in these S; is a polynomial in the differences 
of roots of f(x) = 0. 

Finally, such a function satisfies the seminvariant condition; 
since in the present case = a, : 2, so that x—> x’ becomes 

pe ead Le. Ya0e= 0 42 7. 
M2 

whence y,a4=a'-+ 7, connecting any root a with a’ the 
corresponding root of the p-ic in #’. Thus y.(a— 8) =a'— Bf’. 


Accordingly if ¢ is a homogeneous function of degree w in 
the differences of the roots a — 8, the corresponding transformed 
function of a’— fp’ is ¢ multiplied by 7,”, depending ony 
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on the coefficients of the transformation. Thus ¢ is a seminvariant 
and so also is its alternative form F(S), ..., Sp) 

It may be noticed that the degree and weight of S; are equal 
to 7. If S;is the leading coefficient in a covariant of order a, 


then (§4, p. 186) the valency condition 2w-+ a= pq gives 


2+o=iW9 or w=1(p— 2). 


EXAMPLES 
1. For a linear form a;= 0 (i > 1), Sp alone exists. For a quadratic 
S, is leader of the ground form and S, is the invariant discriminant. 
2. Verify that OS, = OS, = 0 for the quadratic. 
8. Verify that OS; +0, p > 17> 2. 


4, Prove that S, is the leader of the Hessian covariant of a p-ic, namely, 


ap af 
Guts tie om 

Ch o*f 
OX, Oy Oni 


5. Show that S, is the leader of the Jacobian of a p-ic f and its 
Hessian H. We write this covariant (f, H). 


6. Express S,, S; in symbolic form for f = ag? = byP = cg?. 
S, = 4(ab)?a,P—26,P—2, S, = (ab)? (ca) a,P—3b,P—2cP—1. 
7. What covariants are symbolized by 
(ab)? agP—2 by? —2, (ab)? (ac) dg? —2 bP —2 cyP—1? 
8. Write down the most general polynomial of degree 3 and weight 6 


in the coefficients a), 41, Go, M3, A, Of a binary quartic. Show that if © or 
if O annihilates it, then it is the J invariant. 


Ny Oh Wh 
ADS. Ad GgG, + Way as” + vay7d, + PA,d,d3 + oay?, | ay dy Gg]. 

lig Ag Oy 
9. A homogeneous, isobaric polynomial G in dp, a,,..., dp) 18 a gradient. 


Prove for any gradient of degree g and weight w 
(Q0 — OQD)G = (pq — 2w)G. 


10. What further condition is necessary for G to be an invariant? 
pg = 2w. 
3. Algebraically Complete Systems. Syzygies. 


With the help of the theory of linear partial differential 
equations we have found a set of p seminvariants in terms of 
which the most general seminvariant of a binary p-ic can be 


‘ 
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expressed. Such a set is called algebraically complete because it 
can be proved that the relations connecting other seminvariants 
with these p forms S; are expressible in a rational polynomial 
form. They are called syzyqies. 

If S’, S’’ ... are seminvariants connected by a syzygy 
¢ = 0, we suppose ¢ to be isobaric in the original coefficients, 
otherwise it breaks up into isobaric terms each of which is itself 
a syzygy, exactly as was the case in §2, p. 171. 

Since a covariant is determined by its leading term, it follows 
that any such syzygy between seminvariants leads to an exact 
replica between covariants (and invariants). The symbolic proof 
is instantaneous. For if the syzygy is written 


OS ces ar 
and w, is the weight of S”, then the sum 
py Wy + bgW2r --- 


must be the same for every term. Hence if we put the syzygy 
into symbols and then change a, into a, and f, into B,, &c., 
we have 


ope Te HEPES 3m ONS (OIG MLEDS ae 0, 
or PHO aad Sell E23) 
ie. the covariants C’, C’’... are connected by the same relation 


as the seminvariants. 

It follows that the theory of algebraically complete systems 
of concomitants can at once be derived from such a theory for 
seminvariants. 


This theory of algebraically complete systems and of binary 
annihilators Q, O, for a single ground form, can be extended. 

For example,1if several ground forms are concerned, each has 
its own operators Q and O. It can be proved that a simultaneous 
invariant is annihilated by the sums of these operators, namely 


BOL=e= 0. O l= 0} 


A special case of this is the covariant C of one ground form, which 
may be regarded as an invariant of the system of this ground 
form with the lmear form whose coefficients are — %, 2. 


1 Elliott, Algebra of Quantics (Oxford, 1913), 120-124. 
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A 
The Q of this latter is simply — a, ©_, and its O is — qe s 
Accordingly 2 

OS ot ORO a 24 


Thus a covariant is a polynomial, satisfying the valency con- 
ditions, which is annihilated by these two operators. 


EXAMPLES 
ZT. Test the Hewian (| C0°e ate aa at of the cubic 
MX + Ay®%,, Ay® + Asx, 
ra) 


(do, @y, A) Ag Y 4, Xp)? with the operators Q — we O— %,—. 
Ox, Ox 
2. Apply the corresponding test to the simultaneous invariant 
Ay by — 2a,b, + a,b) of two binary quadratics. 


Again, there are corresponding operators for ternary and 
higher categories, and analogous results giving finite algebraically 
complete systems, some of which have considerable importance 
in other branches of mathematics. Recently Forsyth! has 
given results which deal with quadratic ground forms involving 
one or more homogeneous sets of variables 7, %, #3, %,. The 
solutions so found are the functions needed in formulating the 
physical invariants of the Relativity Theory. 

Example.— 
An algebraically complete system is that of five concomitants f,, fo, 


Dy, D4.5 Doz of two quadratics (§5, p. 219). For the sixth J can be expressed 
algebraically but irrationally in terms of them as 


J = (Dp fife— Puhr? — 2D 2h?)*, 
owing to the syzygy 
Pea OD a fal Dinko oats: 


which connects them. Or again, this relation might be used to give one 
invariant, D,. or D, or D,, rationally but not integrally in terms of the 
other five forms. 


4. Irreducibility. Gordan’s Theorem. 


The question now arises, are we to break the integrity of our 
work by introducing an awkward irrationality by solving this 
equation for J? The instinct of all the great algebraists of last 
century has been to say, No. Far more is gained by retaining 
the set of six polynomial functions than by rejecting one of them 


1 Proc. Royal Soc. Edinburgh, 42 (1921-2), 147-212. 
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at the expense of symmetry. We are here in touch with a big 
question, one which is not often explained and reasoned out 
in an English elementary textbook. Perhaps our national love 
of independence is at work, and we unconsciously admire p 
things essentially distinct, rather than p+ q things dependent 
on q binding relations! Anyhow we have to thank Cayley and 
Sylvester for their original handling of the dilemma, with their 
insistence on maintaining the polynomial character of these 
functions at all costs. So we are led, from the algebraically 
complete system of concomitants, to the broader conception of 
the irreducible system, and with it, Gordan’s theorem. 

Because every polynomial concomitant of two binary quad- 
ratics can be expressed rationally and integrally in terms of six, 
but not of five or less of them, these six are called the irreducible 
system of two quadratics. Analogous systems hold for a single 
binary cubic, quartic, and n-ic. 

For a time after Cayley first broached the subject in 1856 
the conviction began to gain ground that for values of n greater 
than four the system was infinite. Then in 1868 Gordan sprang 
his great surprise on the algebraic world by proving that the 
irreducible system of a binary n-ic is finite; and this in short is 
his great theorem. He perfected the proof in three stages, extend- 
ing it from the original case of one to any number of binary 
ground forms.? 

In 1890 Hilbert? gave an alternative proof applicable to 
forms of all categories. This proof, which we shall soon consider 
in detail, consists of two parts, first establishing a remarkable, 
not to say startling, lemma, sometimes called the Basis Theorem, 
of very great generality; and secondly leading by use of the 
Cayley operator to the desired result concerning invariants. 
Hilbert’s lemma is an Existence Theorem: it establishes the 
existence of a certain finite system of functions, but throws no 
light on how to find them. Gordan’s proof, on the other hand, 
actually provides its own solution. Both methods were very great 
achievements. 


1Cayley, Second Memoir (1856). Collected Papers, Vol. I, 250-275. 
Gordan, Crelle, 69 (1868), 323-354. On p. 343 the author introduces the term 
complete system (volles System). Grace and Young, Algebra of Invariants, 
pp. 101-127 contain the proof for binary forms, substantially in the form of 
Gordan’s third proof. For a general survey of the whole problem, see Meyer’s 
Berichte, pp. 134-150, 2 Math. Annalen, 86 (1890). 


CHAPTER, Xavi 
THE GorRDAN-HILBERT FINITENESS THEOREM 


l. Hilbert’s Basis Theorem. 


Let 
A Wt GN Muah lila ge, Sune 


be n variables. Further, let there be a given law or specified set 
of conditions whereby forms F in these n variables are constructed. 
Let this law be such that it leads to an infinite number of such 
forms, each involving the variables and not being merely a con- 
stant. We write 

Sy ee Des eles RS Ee oe (4 


to denote the totality S. of these forms F,. 
Suppose further that 


pol Merde oh Vue 2 Sue (8) 


denote forms in X, which are not necessarily contained in the 
system Sy, but which can if necessary be constants. Then 
Hilbert’s Basis Theorem runs as follows: 


From the infinite set of forms S gp a finite set of forms Fy, Fy, ..., 
F,, can be selected, such that every form F of the system Sq can be 
expressed as 


PEA Po AP) AF mee) 


m~~ m* 


These forms F,, F,,..., F,, are then said to be the basis of 
the system Sq. 

To illustrate this we can take the extreme case when the law 
is absolutely general. In this case F,, Ff, :.., F, are the n 
variables X,, X5, ..., X, themselves. For each of these is a 
linear form, and thus falls within the set S,.; while any other 


form F can manifestly be expressed as 
Ay wy a Ag Xo... a A, &. 


> 


where each A, is a suitable form of one degree lower than that 


of F. 
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This basis would fail if the law specifically excluded linear 
forms, because none of X; would then fall within S.p. 
Proof.— 

We prove the theorem by induction. For if n= 1, there 
is only one variable X, and the most general homogeneous 
polynomial, or form, F’; is now simply ¢,X;"". Then the supposed 
law will produce various positive integral indices k,, of which 
k,, say, is the least or one of the least. Every form is then 
expressible as in (4) with m= 1, since F, will now be a factor 
of every possible form F;. So the theorem is true if n = lI. 


Next let us assume it true for 7 — 1 variables X,, X5,..., 
X,—;. Let F,, an arbitrary member of the system Sy, be of 
degree v in the n variables X,, X,,...,X,. It is then quite 
possible that #, contains no term involving X,,’, for the 
supposed law might expressly exclude this. We can, however, 
guarantee that such a term actually occurs, a fact of importance 
later in the proof, by the following device. 


Through the linear transformation X — Y, or more expressly, 


J 
we change the form F, into a form Gj, of degree r in the variables 
PGA BAY a 5 hte ay Wilk igtey We A Und Iie eet ie 
The constant coefficient c of Y,,", which alone we need to examine, 
is given by substituting the values X,;= e,, (0 = 1, 2, ..., n) 
in F, (§2, pp. 183-4); in fact 
C= (Fi)y; = Cin" 


and since F’, is not identically zero, we may choose suitable values 
of these coefficients e,, so as to give c+ 0. 
Next if we transform members F’, of S.,, by (5), into forms 


G,, G,... in the variables Y, we can prove the theorem for the 
forms # by showing that it holds for G. For if 

G= B,G,+ B,G,+...4+ B,G,, eet) 
holds for every form G in terms of a basis G,,..., G,,, we merely 


have to reverse the transformation X — Y to obtain the desired 
result (4) directly from (7). We therefore proceed to prove the 
result (7), taking G',, as given by (6). 
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To this « end let each G, (s = 2, 3, ...) be divided by G, 
regarded as a function of Y.: giving a quotient B,. Thus 


G,= BG, at ®, Les 1 a a af piss “e Q,. (8) 


Here B, is identically zero if G, is of lower degree in Y,, than G;: 
also some or all of the polynomials ®,, ¥%, ..., Q, may vanish; 
and further, they all may contain n — 1 variables Y,, Yo, ..., 
Y,—; but not Y,. To such polynomials, formed as they are 
by a definite law, the Basis Theorem applies. In particular 


for the system DOF Wa Oye: 


s 


Hote T Oe yen Nee y bony see eT ee emma 
where the suffixes s,, s,,..., s, are fixed integers. 
If we write (8) as 
OY, =G6,—B,G,— 0,7, 7 —... =, 
and let s take the v special values s,, s.,..., s,, we obtain the 
system of equations 
hog ge ets (AC CE RAE ERG | 
ae eee (Ti 
0, Y= Mang. = en | 
Multiplying these respectively by A,, A,,,..., 4,, and adding, 


we obtain, by (9), 

MOV ge A A ey ested 

(GIB np OG ay Ai ae TU se ON Nn ea iy 
where the significance of CO, Y,’,..., Q,’ is easily seen. Whence 
by substituting this value of ®,Y,,’~' in (8), we have, say, 
G= BG, tA Oy & met Ay G, EY gerbe t O 
= Gree Pe YP Ae oO. 
= 2BG;+ U,_», POSEN eR Pee es ene) 


where « takes y-+1 values, 1, s,, s., ..., S» In the same 
way (8) may be written G, = B,G,-+ U,_,, where U,_,, U,_, are 
polynomials of degree in Y,, at most indicated by their suffixes. 
Proceeding again in this way as from (8) to (12), we deduce an 
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expression for G, involving U,_;, of degree at most r— 3. This 
procedure, in at most (r—1) steps, gives Uy, a polynomial 
independent of Y,, and therefore one for which the basis 
theorem is true. So finally we express G‘, as 


G,= B,G, BG, mee be BiG 


where m is finite. This proves the theorem. 


The remarkable point about this theorem is its breadth: 
for provided the law of formation of the functions F/ is definite 
it may be as intricate a law as we please. For instance, the 
variables X,, Xy, ..., X,, may be replaced by any finite set of 
variables, .such as the cogredient and contragredient and inter- 
mediate compound sets z, u, p;;, 7’, &c., already adopted. 

Further, the proof is applicable not merely to the field of 
ordinary complex numbers, but to any more restricted field of 
number where the law of division as required in (8), together 
with laws of addition and multiplication for constructing poly- 
nomials, still hold.t 


2. Proof of Gordan’s Theorem. 


We may now formally prove the Gordan-Hilbert Finiteness 
Theorem, which runs as follows: 

For any finite gwen set of ground forms, every rational integral 
concomitant of a general linear transformation can be expressed 
rationally and integrally in terms of a finite number of conconatants 


C,, Cy,...,C,,. These m concomitants are said to form the complete 
system for the gwen ground forms. 
Proof.— 


By adjoining certain linear forms to the given ground forms 
every concomitant of the original system is determined by the 
invariants of this extended system (§8, p. 207). We therefore 
need consider invariants only, these being functions of the 
coefficients of the ground forms. 

Since homogeneous invariants represent all polynomial in- 
variants (§3, p. 171), while the multiplication of a given invariant 
throughout by a non-zero constant does not effectively change 
it, we may consider all invariants as forms in the coefficients 

1 The above is substantially the original proof given by Hilbert. An even 


neater proof was given later by Gordan (Gittinger Nachrichten (1899), 240-242). 
Cf. Grace and Young, Invariants, pp. 178-182. 
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of the ground forms, derived therefrom by definite laws. Thus 
the Hilbert Basis Theorem applies to any invariant J; namely 


ea eee eur f Foe SG 


ne 1 > 


where J,, J,, ..., I,, is a fixed set of invariants, and each 4A, is 
a polynomial in the coefficients of the ground forms, but not 
necessarily an invariant. 

Now let the linear transformation of variables change A; to 
A;, I, to (€n...w)"*I,, and I to (€n...@)”’Z. Then the kth 
term on the right of (13) is transformed to a polynomial in 
&,,...,w,, of weight w; in order to agree with the left. Further 
it breaks up into, say, 7 single terms (if A, has r terms), each of 


which has the factor J, independent of &,,...,w,. All other 
factors can be symbolized by inner and outer products a,, ..., 
(an€...w),..., with a possible common denominator (€7 . . .w)?, 


exactly as in §7, p. 205. We multiply throughout: by this 
denominator, so that (13) is replaced by an identity 


(En ...w)" PL = gl, $2 1, a Pinks w+ p>d, 


where each ¢; is a polynomial in these inner and outer products. 
Operating with Q"*? on both sides as in §7, p. 206, we obtain 
1 es ad GA ge cia ee ho Qe20) pnts) 
where the Ath term J, /;, is due to the Ath term of the original 
series, [,, being either an invariant or zero. 

Since J, has degree greater than zero, [,,, has degree less than 
that of J. Thus every invariant is expressible polynomially in 
terms of J,,..., J,,, together with invariants [,,, of lower degree. 
Treating each I, by the same process as for I itself, we lower the 
degree of these additional invariants at each stage. Since the 
degree of J is finite, a finite number of such processes ultimately 
furnishes mere constants, apart from the system J,,...,J,,. So 
we have expressed J explicitly as a polynomial in J,,..., J,,; 
and this proves the theorem. A proof without the help of 
symbolic methods can also be given.* 


3. Limit to the Number of Syzygies. 


The distinction between an algebraically complete and an 
irreducibly complete system for given ground forms should now 


1 Cf. Weitzenbock, Invariantentheorie (1923), 145-148. 
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be clear. Manifestly the latter is richer and more elaborate 
than the former, as, for instance, in the case of two binary quad- 
ratics (10), p. 220, where a syzygy connects the six irreducibles 
so as to make five algebraically independent. Evidently, too, 
there will be such syzygies in general between members of the 
irreducible system. 

It is an interesting example of the Basis Theorem to prove 
that for a given complete system of m forms 


elm atts 


m? 


the number of polynomial syzygies is limited. 

For let G(I) = 0 be called a syzygy of the first kind if G(L) 
is a polynomial in these J’s which does not vanish identically, 
and which only involves coefficients of the ground forms implicitly 
among these /’s, and which vanishes when each J is expanded 
as a polynomial in these coefficients. 

Then G(Z) can if necessary be made homogeneous by adjoin- 
ing another J, which later can be made equal to unity. To such 
functions, built by definite laws, the Basis Theorem applies. 
Hence every G is expressible as 


G(Z) =a A,G, (1) Ais eta A,G,(J) 
in terms of a finite number of such functions. 


4. Multiple Fields. 


Hilbert has pointed out the applicability of his methods to 
the general theory of forms when the variables fall into quite 
distinct fields governed by independent linear transformations. 
The following example? sufficiently illustrates the method, which 
may readily be generalized. 


Let PSAP G08 0 io RNS HIB) 


be a form of orders (p, g) in two independent sets of variables 


xX : 
ane? 2G (he Peer ER RO Si! cay Cy CLO) 


where X belongs to a field of order m, and x to one of order n. 
Here m and n may be equal or not as we prefer. 
The symbolic coefficient of a typical term is 


Ay AE dy. Cpt 2 UT O er aS) 


1Cf. Weitzenbock, Invariantentheorie, p. 169. 
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involving p factors with a capital A and q with a small a. The 
actual coefficient could be represented by 


Bee a igs a (18) 


without recourse to upper suffixes, since the variables X, x are 
not assumed to be contragredient. 

For such forms we require two independent linear trans- 
formations X — X’ and x— 2’, associated with which there 
will be polynomial invariants composed of coefficients A, __ 


Os Sis tet 


If X;= 2H, X;, U;, = Le, Xj . . ° (19) 
J i 


are the linear transformations, with moduli 
Aaa | el =e 0, = | ¢7| 0, ° ° (20) 


then as in §2, p. 170, an invariant satisfies the condition of 
transformation 


[BELTS Ey Calla acca ane Maier (Oy) 


where W, w, positive integers, are called the weights of J in the 
coefficients of the dependent sets of variables. 

For such polynomials in coefficients (18) the two Cayley 
operators 


0 


, &4= = 
Gj 


— 22 
ob, ne 


have place. A symbolic polynomial P in the symbols A, a, which 
contains after transformation a weight W of the H#;, and w of 
the e;; is such that 


OnvOr (ror fh fn oe (03) 


an invariant. Hence as in the proof of the First Fundamental 
Theorem an invariant is symbolized by aggregates of two sorts 
of bracket factors 

CABS Li) 1m (G0: a0) Bee zy (24) 


which are symbolic determinants of orders m and n respectively. 
A covariant will also have factors A,, a. 

Further, the Hilbert Basis Lemma applies; and, for a poly- 
nomial invariant we have 


(D 884) 17 
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in terms of a properly chosen finite set of invariants J,, I,,..., Ly. 
Finally the operator Q,,”Q,", acting upon this, leads as before 
to the expression of all invariants in terms of a complete system 
consisting of these uw invariants I,, I,,..., Ly. 


5. Combinants. 


In a multiple field let 7) be a form linear in one set of variables 
Ay, Ay, -++, A, Then to take the case of two sets of variables 
X, x, the typical form has orders (1, p), namely 


E450, 0a ae 


Grae art 


. &; F 
Dit 


It is simplest to express this explicitly as a sum of m terms 
Ahh oe rz fre a epee or Meters 


where each f, is a form of order p in the variables x. Any con- 
comitant of the multiple form /) is called a combinant of the m 
forms f;. 

If the independent transformations A> 4’, > w’ are made 
in the particular case when X’ = A, then x alone changes, and 
the concomitant C is therefore invariantive for the form /) 
regarded as a function of the z’s alone. Hence it is an invariant 
of the simultaneous system f,, fo, ..., f,,. Every combinant is 
therefore a concomitant of the forms f,, but the converse is not 
true. Indeed it is an important problem for a given set of p-ics 
f;, to determine which of their concomitants are combinants. 

Similar remarks apply to cases with more sets of variables 


OT ta ee 


Bxample.— 
The Jacobian of two binary forms 


fr=da?, f= da? 
is a combinant, since 


Oa fi + Ae to» Yili aig Us fo) he | Ay Uy 
O (ay, Ly) ro Uo 


= p2(du) (ab) dgP—1DyP-1. 


(fis fe) 


6(x, 2) 


The general properties of binary combinants were given by Gordan, Math. 
Annalen, 5 (1872), p. 95. Further references are to be found in Meyer’s Berichte, 
and the same author’s book, Apolaritdt wnd rationale Curve. Much interesting 
information will also be found in Chapters XI and XIV, Grace and Young, 
Algebra of Invariants. 
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1. Extend the methods of $5, p. 173, to show that a double binary 
form can be symbolized as follows: 


ee ie (“') (7) ij By —* Xo! Ys" J Yd = (Ay %y + Ay Ay)" (04 Yy + OyYo)” 


so that ajj = ay™—*a,¢ 0" —J ay), 
2. If this form is written VY = ay" ay” = bz” By”, prove that 
(ab) (a8) aq™—1 ByM—1 onl By%—1 
is a covariant for independent linear transformation x —> 2’, y—> y’. 


3. If z= &+ in, 2 =& — in are conjugate complex numbers, where 
&, 7 are rectangular Cartesian co-ordinates of a point, then the equation 
of a circle can be written 


age —b2 be. -— d = 0; 


Determine the conditions for the equation in €, 7 to have real coefficients. 
[Coefficients a, d real; b, 6’ conjugate complex numbers.] 


4. If, further, z= 41:2, 2’ = 41:42, m=n, then the equation 
Y’ = 0, expressed in terms of &, y, represents a plane curve of order m, 
in general with multiple points of order m at the circular points at 
infinity. 
[Terms of highest degree are (€? + 7?)"]. 


5. Prove that the linear transformation w = (pz + q)/(rz + s), where 
ps — gr + 0 is equivalent to a particular case of the two transformations 
x—> xu’, y— y' above; and that this z transformation is equivalent to 
inversion successively in circles orthogonal to each other. 


6. If the bilinear form (m= n = 1) represents a circle, prove that it 
degenerates to a point circle when (ab) (a8) = 0. 


1 References to double binary forms: Peano first gave the system for 
bilinear forms (m =” = 1); Battaglini, 20 (1882). For a more direct proof cf. 
Proc. Roy. Soc. Edinburgh, 43 (1922-3), 483-50 (45). The general theory is given 
by Kasner, Trans. American Math. Soc., 1 (1900): “The invariant theory of 
the inversion group’; also 4 (1903). 

Peano gave the 18 concomitants of the complete system of the (2, 2) form. 
For their geometrical treatment cf. Turnbull, Proc. Edinburgh Roy. Soc., 44 
(1923-4), 23-50 where other references are given; and Vaidyanathaswamy, 
Proc. London Math. Soc., 2, 24 (1925), 83-102, ‘“‘ On the rank of the double 
binary form ”’. 

The (2, 1) form has been treated by these authors in the works quoted, 
while the system for two (2, 1) forms is given by Saddler, Proc. Edinburgh Roy. 
Soc., 45 (1924-5), 3-13; cf. also 46 (1925-6), 264-282. The same author gives 
the system of the (1, 1, 1) form in Proc. Cambridge Phil. Soc., 22 (1923-5), 688- 
693: cf. also Schwartz, Math. Zeitschrift, 12 (1922), 18-35. 

For a proof of Gordan’s theorem and a general transvectant method of 
discussing the double binary forms, ef. Proc. Edinburgh Math. Soc., 41 (1922-3), 
116-127: cf. also Gordan Math. Annalen, 38 (1889), 387-389; Study, Math, 
Annalen, 27 (1886); Lehnen, Dissertation Bonn (1921). Double and multiple 
binary perpetuants are considered by the author in Proc. London Math. Soc., 
2, 27 (1928), 193-208. 


244 THE GORDAN-HILBERT THEOREM [CHAP. 


. Prove that if a, «; b, B; c, y; d, 5 are pairs of symbols not necessarily 
equivalent, the product of two covariants 
(ab) («8) ay" Lbym—1 rays By—1 (cd) (78) ¢a™—1 dyt—1 yy byr—1 


is reducible. 


6. Further Examples of Complete Systems. The Binary Cubic. 


In binary forms the complete system of a single -ic includes 
invariants and covariants. For a linear form (n = 1) the Funda- 
mental Theorem shows that no concomitant exists beyond the 
form itself. A binary quadratic f= a,”?= b,? has a complete system 
of two forms: f and its discriminant. That of a binary cubic 


fHaf=b2 = ax? + 30, 0,72 + 305%, 0," '0,%,° / (25) 
has been established in various ways. It consists of four forms 


f= a,°, A= (ab)?a,,b, , t= (ab)? (ca) Usee | 


A = (ab)? (ac) (bd) (cd)?. ey 


Here # is the Hessian of the cubic ground form ; tis the Jacobian 
of fand H; and A is the single invariant, the discriminant of the 
quadratic H. 

Non-symbolically we find 


ee eaes + Ay Ly Fy + Ay Hy 
> 


(27) 
AX My %y, My %y > Ag @y 
af oH 
Of, 02, 
(= (FBV=8] oo els + + 28) 
Ct, O25 


A=2 {4 (ao — ay”) (A443 — Ay”) — (aga3— (yy)? } (29) 
The leading term in ¢ is 
(agg — Bap dy 4, + 20,8) 2,3, 


which contains a seminvariant of degree and weight 3 for its 
coefficient. 


These four forms f, H, t, A are irreducible but not algebraically 
independent, for they are connected by the syzygy 


Je He Aft 0, «et wanes) 
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which is a further example of the general fact that the square 
of a Jacobian is reducible. This syzygy is also deducible by 
eliminating 2,, 2 from the three equations 

i OG ee ats 

H = 2 (dod, — a,2)4,?+..., eee cdte (ol) 


t= (p20, — 3090 ,dq + 2a,°)a,3+..., 


which is an example showing that an invariant can often be 
looked upon as the result of eliminating » unknowns from 
p+ 1 equations. 

EXAMPLE 


If M is the modulus of the transformation x,, x, —> X, Y, where X, Y 
are the linear factors of the Hessian, show that this system for the cubic 
can be written 


Vi Xe Ge Ee OY im XS eS) 5 Aa DT 
and verify the syzygy. 


7. The Binary Quartic Form. 
The complete system of a binary quartic form 
pels oe ae 
= Ay %,1 + 44, 2,3 X_ + 649%,7%? + 405%, %? + a,%24 (32) 
consists of five concomitants 
f=4,4, H=(f, f)? = (ab)?a,°b,?, t= (f, H) = (ab)? (ca) a,6,7¢,°, 
t= (ab)ty f= (be)*(en)7 (ab)? es, (83) 
three being covariants and two invariants. 
Non-symbolically the invariants are 
t= 2(aya, — 4a,a,-+ 34a,”), 
Gy vii An 
7=6|a, a as 
Com aes 
= 6 (dp Gg44 — Ay 57 — ay7 a, — a2? + 2, G,a3). (34) 
The Hessian H is a quartic of degree two in the coefficients 


a, of the ground form, while ¢ is a sextic. These two covariants 
are evidently analogous to those of the previous cubic ground 
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form, as the symbolic expression shows. Corresponding co- 
variants naturally exist for the general n-ic. The invariants 
i and j appear for the first time because they involve four symbols 
a in their bracket factors. They lead to analogous covariants 
of a quintic 

(ab)!a,b,, (be)2(ca)2(ab)2a,by cp; 


and for higher forms. 
Between these five concomitants of a quartic a syzygy exists 


22 = tiHft— H8— 1978, .° . .. (85) 


again because the square of the Jacobian ¢ is reducible. This 


may be verified by applying the general theorem, or by use of 
a canonical form, say 


f= Bi Gh X26) 


EXAMPLE 


Assuming a linear transformation «—> X of modulus M == 0 gives 
Att +... + ayx,* = f= X*+ 6mX2Y2-+ Y4, prove that 


Ee en (x#4+ eee: xX2y24 7) ‘ 
m 


t= M3 (1— 9m?) XY (X4— Y%4), 
+= 2M4(14+ 3m?), 7=6M*(m—m’), 
and verify the syzygy (35). 


8. References to Complete Systems. 


For canonical forms when the cubic or quartic ground form is special, 
the reader should consult Elliott’s Algebra of Quantics. The corresponding 
symbolic forms are given by Grace and Young in The Algebra of Invariants, 
where also an account of the complete systems of the binary quintic, 
the sextic, two cubics, quadratic and cubic, quadratic and quartic, and 
also of two ternary quadratics, will be found. 

The septimic and octavie were worked out by v. Gall, Math. Annalen, 
81 (1888), p. 318 and 17 (1881), p. 31, p. 139. 


All these results beyond the quartic case are very complicated. 
There are, for example, 23 irreducible concomitants of the binary 
quintic. This increase of complexity is not entirely due to the 
increase in number of coefficients of the ground form as its order 
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advances, for certain concomitants actually are reducible for 
higher orders, even when irreducible for lower. Thus the 
invariant 


A = (ab)? (ac) (bd) (ed)? 


of a cubic is irreducible, whereas the corresponding covariant 


A’ = (ab)? (ac) (bd) (cd)? a,b,¢,d, 
of a quartic can in fact be reduced to a linear combination of 
of and oH. 

There is a theory of perpetwants which deals with covariants 
of a given degree for forms of order not less than the weight of 
any such covariant. It may be regarded as the theory of binary 
forms of infinite order. It affords a notable example of the 
value of both symbolic and non-symbolic methods of attack. 
For the complete system of such forms may be said to be known. 
It will be seen from the examples of symbolic methods in 
§3, p. 216, that any such system so found is comprehensive: 
all irreducible forms are certainly included. But it may contain 
redundant forms. Now the non-symbolic methods proceed in 
just the converse way, and show that any system so found con- 
tains no reducible terms. When the two methods yield the same 
result, as in the case of the binary quintic or binary perpetuants, 
they therefore confirm each other. 

In higher fields complete systems are known in certain cases, 
but apart from linear and quadratic cases the only complete 
ternary system actually computed is that of the cubic by Clebsch 
and Gordan (Math. Annalen, 6 (1875), 436). The ternary quartic 
has received much attention but still remains unworkable.t The 
problem of ternary perpetuants was solved by Dr. A. Young 
(Proc. London Math. Soc., 2, 22 (1922-3), 171-220. 


1A notable instalment was worked by Fraulein E. Noether, Crelle, 184 
(1908), 23-94. 


CHAPTER XVI 
CLEBScH’s THEOREM 


1. Introduction of Clebsch’s Theorem. 


The object of the present chapter is to develop the general 
invariant theory as far as the variables are concerned, and the 
principal result will be a theorem due to Clebsch which tells 
us that a completely adequate account of concomitants in the 
field of order n can be given by restricting the choice of ground 
forms to functions of at most n — | sets of cogredient variables. 
All other sets which enter can be accounted for by polarization, 
or by the absolute concomitant of the field. 

For example, in the binary field (n = 2) the bilinear form 
a,b, may be written 


Ay, b, = 3 (dy by a a, by) a ¥ (dy b, = ay b,) 
0 ib 
(y yb, + (ab) (ay). 


x 


(1) 


tole 


Here the first term is a polar of a,b, which contains only one 
variable, and the second is a product of an invariant (ab) and 
the absolute covariant (wy). Further, this invariant belongs to 
the ground form a,,b,, without the need of the second variable y. 

On the other hand, in the ternary or any higher field (n > 2) 
we obtain 


dzby=4(y~)agde+ Hed], —- . @) 
where now the second term is irreducible, and involves a new 
type of variable (zy);; which cannot be overlooked; nor could 
it arise if merely one set of variables « was utilized. Also the 
function (ab| xy) is not a polar, but, rather, satisfies the differential 
equation 


(ye = Sy =0 Re eee 
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as is immediately apparent since 
0 
yx (ab| wy) = (abl yy)= 0. . . . (A) 


2. Compound Polars. Standard Forms. 


Suppose we have any number of point co-ordinates 2, y, 
z,..., €,... from which the various compound co-ordinates 
To, 73,... are derived as in §8, p. 86. We take 


To = LY, Tg= LY2, Tate 5 oS 


for the second, third, ..., (7 — 1)th compounds, the last repre- 
senting a set of n homogeneous prime co-ordinates w. 

Manifestly a form involving these sets 2, 7, ..., 7,1 a8 
sole variables is a polynomial function of the n — 1 cogredient 
variables x, y, z,....8, so that we can write it 


Pai iee ches yea) ah a Rows sia) 


But the converse is not necessarily true, as the single example 
already cited shows. Yet if we introduce any number of cogredient 
compound variables py, 09, ---; Pr—1 Sn—1,--- and polarize each 
such form F in every possible way, we obtain a wider choice of 
forms, which may be typified by AF, such that every form 
f(z, y, ..-) can be expressed in terms of these AF: and this in 
fact is Clebsch’s theorem. 

By such polarization is meant an operation on F of one of 
the following types: 


De) OS an eee 


13 OT, —1 


where (6, 2) consists of Q terms 
On r 


, 


7) 
PEM RS os os yo ar ae SatY ee ee a) 
C7; ty... bp 
the 7 suffixes taking values 1, 2,..., , and no two in one set 


being equal. 
Example.— 

If az?, bx? are two quadratics, and 2, y, z, ¢ denote four points, then the 
concomitant (ab | xy) (ab | 2t) 


é ) (ab | xy)? 


may be regarded as a polar of (ab | wy)”, namely, it is 3 (o. a 
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where =, = vy and p, = zt. In this example the polar consists of a single 
term. But more generally the polar of 

(ab| xy) (cd | xy) 
is (ab | xy) (cd | zt) + (ab| 2t) (cd | ay), 


giving an example of a series of two terms derived by polarization. 


; : ; 0 0 
Manifestly repeated operation with (r:,,)) (<, =) &e., on 


a form F of order p;in the variable z,, produces in general a series 
of considerable complexity. Still more so if this can simultaneously 
go on for values of 7= 1, 2,..., n» — 1. Our immediate aim is 
to express any single term of such a polar as an aggregate of 
polars of certain standard forms F together with the absolute 
concomitant which we shall denote by either z,, or #. Although 
at first sight this looks impossible, it can in fact be done, and is 
indeed important for the following reasons: 


(1) Polarization is an invariant process (§8, p. 207, example). 


(2) Any single term of a symbolic expression of any concomi- 
tant, whatever variables xz, y, ..., u, v, ... may be involved, 
. is always a term of a polarized standard form F. 


This last follows from the Fundamental Theorem. For if 
each u, v ... which appears is treated as an (m — 1)th com- 
pound of the «’s, then each symbolic factor of a term P either is 
free from variables or is an explicit linear function of an rth 
compound (r= 1, 2,..., m— 1), say p,. As such it is a polar 
derived from 7, by the operator pe Hence P is certainly 


a term of a polar of a standard form. 


Example.— 
(ab | zt)? (xByy) (cd| xy) is a term of 


ONE 29 
ee \ (ab 
(05) (vs) Me 


3. Reduction to Standard Form. 


Tz) («By x) (cd | 7p). 


The reduction of any form f to standard form depends upon 
two main ideas, one being the use of the Sylvester fundamental 
identity (§13, p. 93), and thé other the theory of adjacent 
terms in a permanent (§1, p. 14). 
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We take the most general symbolic form as in §2, p. 198, in- 
volving cogredient symbols, and first consider a standard p-ic 
in one variable z, 

fH Uz Aggy. «Uys PPTs Be) 


If we polarize this with regard to p cogredient variables 2,, 
Tj, ...+, Z we obtain 


Af= (x=) oe 2) f= Yi yx, Age,+++Upa,» (6) 


summed for the p! permutations of the p suffixes 7,7,...,k. Here 
on the right is an example of a permanent (§1, p. 14), all the 
signs being positive. Let us call two of its terms adjacent if 
they differ by adjacent interchange of suffixes (§1, p. 14). Then 
any two terms 7’ and 7” can be connected by a series of adjacent 
terms 7,, J,,..., 1,,,all, belonging, to.2. 

But the difference between two adjacent terms 7,, Ta, 
leads to a Sylvester identity. In fact, if ¢ and 7 are the two 
interchanged suffixes of the terms, we have 


oa, Gry — Yager, Ure = (a,a, | 2;%;), ae ae 


and the other (p — a factors of the terms are common. Thus 


De ee (O20, | Oy) Mie os 6 eS) 


q a). 


where IT denotes the other (p — 2) unaffected factors. Hence by 
continued application to adjacent terms 


T—T' =: (T—T,)+ (7,—T.)+...4+(Tu—T’) 
SG a elles sve es (9) 


and by taking 7” to be each term of the series (6) in turn and 
adding, we have 


p! T—Af=p! T—XT’ = =X2r(a,a,| x,4,)Ila,,,. (10) 


This shows that, but for a non-zero numerical factor p!, any 
term 7 of Af is equivalent to the polar Af itself together with 
terms like those in the right member of (9) derived by con- 
volution from Af. 


To simplify the ipvatien let us herier write { «,} for 


any factor a \ for any factor (a,a,| 2;a;), whatever a,, a, 


Say 
qu,? \ cake y? 
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may be, and so on for { #;7,x,}, &c. We can now consider a 
standard form in two yariables x, y of type 


F= I(@,a,)| ey) Way= Vag} | ay ee aa ee) 


where there are j, factors {zy} and 4, factors { a}. 

Any polar AF of this with regard to j, variables p:, og... 
leads to jy! terms such that the difference between adjacent 
terms gives a Sylvester identity, say 

(4,4, | Ps) ie aie Bente (4,4, | ps) 
= sae ail| a XL; 2 dx | L)) ahi ak, of XL, x ©; XL), (12) 


where p, = Um ;, Og == D2. 


Hence, arguing as before, we deduce that any term of type 
{ wa; \ { a, 2%, } oe {alia} ONC . . (13) 


is equivalent to a polar of a standard form (11), together with 
forms with more than two 2’s convolved in one factor. These 
last may introduce a factor {z,} as in the first term on the right 
of (12); and this, along with the factors {x} {a} ... of (11), can 


be dealt with as a polar with regard to (a, a leading, as in 
x 


(10), to a new factor {2,}, for which the argument may be 
repeated. 
Combining these results we gather that any term 


{S030 | hate aie eek OV iat le Bela eens) 


is equivalent to a polar of (11), together with forms involving 
three or more x’s convolved. 

Proceeding in this way and using the Sylvester identity for 
each further case in turn, with r= 3, 4 ..., we arrive finally 
when r= n—1 at the case where n variables z, y,..., é, 
and standard form F are given, such that 


F=I{ay...st| I {ay.-.s}...lM {oy} M{e}, (15) 


and any form f involving any number of variables X;, py, G2. - +5 Pys 
Oy +++5 Pui» T—1 18 expressible as a serves of terms AF derived 
from such forms. by polarization. 

Here, the first factor II gives the absolute concomitant of 
the field and all the other factors involve at most (n— 1) variables 
x, Y,...,8. This establishes the theorem of Clebsch. 


XVI_] .PROOF OF CLEBSCH’S THEOREM 253 


In this final formula (15) each factor of the products has all 
its variables w, y ... explicitly stated. The other symbols are 
implicit. They are the symbols a,, a, ... of the original form 
f in some order or other. Inasmuch as the process of this reduc- 
tion of f to UAF is entirely composed of repetitions of the Syl- 
vester identity, which preserves the symbols but only deranges 
them, it follows that any symbols convolved in the original form 
f are still convolved, implicitly or explicitly, in the standard 
form F. 


Corollary.— By taking the dual co-ordinates p; = 7y_; 
throw any standard form into a product of bracket factors 


Pa Tian. we) Wilaber uy li(a'b ye) 2: Ta aoe.) (16) 


we can 


There are in fact four ways of writing each factor of F. Thus 
(GO nd) Hi. 2) —= (G0. «0 | 775-4) 
== (G0. OD) (00s cd WU 3.) (17) 


In practice the process of deriving the standard forms for a 
given expression f(x, %...) 1s exceedingly complicated except 
in the simplest cases. The present treatment follows the algebraic 
method as used for binary forms.1 The usual treatment follows 
the methods of Capelli who bases all on differential operations 
rather than algebraic permutations. 


4. The Gordan-Capelli Series. 
Let us apply the preceding methods to the form 
Gi OAS at ae ane alee te FoR OES) 
where there are k > 2 cogredient sets x, y,z,...,t. First suppose 
k <n. Then such a form fis a term of a polar of 
COO aes; 

and, treated as above, f is equal to a sum of terms where the 
most advanced convolution of the variables is 

{ayz...t\ = (abc...d| xyz...t) = K; +. (19) 


for all the & letters before or after the vertical line must differ, 
so that there is just this one possibility. 


1 Grace and Young, Algebra of Invariants (1903), 42-46. 
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Terms which do not contain K are due to polars of standard 
forms F, involving k — | variables, say all but x. So we write 
f=XA Fo+ K¢, ae oe OD 

A, denoting an aggregate of paler operations, and ¢ necessarily 


containing xz to degree p— 1$y to degree g— 1, and so on. 
Treating ¢ in the same way as f we have 


=A, F,+ Kd 


where A, f, has the same general meaning as Ay Fy, and ¢ is of 


degrees p— 2, g— 2, ..., in the variables. 
Proceeding in this way we exhaust one of the variables in 
h steps where h is the least of the exponents p,q,..., 8; and 


thereby we obtain the Gordan-Capelli Series, 

fExA Fo Pp KUA FP + EDA +... RAF, Cl) 
Here each F,, is a form involving at most (& — 1) different sets 
y, 2,...,¢; K is the kth compound inner product (ab... d| xy ...4); 


and A; is a polar operation. Some of the coefficients of powers 
of K may in particular cases be zero. 


Secondly, if k = n, the expression A is replaced by an actual 


product (ab...d) (xy...) 


involving the absolute invariant (zy ... t)=E of the field. 
In this case the Gordan-Capelli series is 


f= Dla Ch eG ) 
+ (ay... 2P?D AF, +...+ (vy... A,F,\ 


Here the coefficients of the series are polars of forms F; involving 
at most (#7 — 1) sets y, 2, ..., ¢. 


(22) 


Thirdly, if k > n no corresponding form K exists, so that we 
h 
ys foo Rs euacci ge ah ee 


expressing f as a series of polars of forms involving at most 
(wee 1) sets ye mes et 
Various alternative expressions of K are furnished by (17). 
In particular, if k= n— 1, we write uw instead of p,, where 
the set w denotes a prime, such that 


ye ahs (xy marke tos... ms &e., 
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and the series now takes the form 
f= ZA) Fy + (ab... du)XA,F, + (ab...du)?XA,F,+..... 


5. Examples of the Series for Binary and Ternary Fields. 
In the binary field for a form 
f= azymbyn  (n<m) 0 ae ene ey) 


with two sets x and y the series was originally given by Clebsch and Gordan 
as 


= . ( yy 4) aiepayeesys 
i= ey | 1 (ra I Dyy” k {(ab)k Agi —* by” Ay (25) 
k 


where Dy, denotes the polar operator (y —) ; 
oe 


In this case the coefficient of (xy)* is the (x — k)th polar of a form 
fi = (ab)k agm—k byn—k 


depending on only one set of variables. 


In the ternary field where now dy = @,%, + a,%_ + 3%, the corre- 
sponding series for f = az" by” (n <m) is 


(7) Ce) 

uy k k (abu) : : , 

=» . oe , nu—k Sq,m—k & n— Ie 

k=0 ine nm — k - = (n— Pia i ; 
k 


where u, = (xy)>3, &c. And more generally the series for 
ii = Ay” by” Cz? 


aS f= Aol + @yz) A, Fy + (wyz)? SA, Pa... 


6.1 Normal Forms. 


Ground forms which can be symbolized as 
(abe | ayn) (ab ey)! (a)|'a)? 479k 0, 326) 


with symbols as well as variables appearing in the characteristic 
standard order are called normal forms. In this example we 
assume n > 3, to prevent the first factor from reducing. 

It is obvious that for a normal form any invariant linear 
in its coefficients must vanish. For every outer product (abc .. .) 
must contain a repeated symbol. 

Again, by polarization with (« Ay (« ea or (y ie) we 

“ Oy Oz Oz 


1 This section may be omitted on a first reading. 
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manifestly obtain a zero result. This leads to an important 
theorem: 


If, when n> 4, the form { = aPb,ic,"d°, p>q Sr 28, 
satisfies the three differential equations 


D6 = 0, D.,¢ = 9, Db = 9, (27) 
it can be written in the alternative normal form 
C(abed | xyzt)* (abe | wyz)'—* (ab | xy)*—~" (a | x)P~4 
0 


where C is a numerical constant, and dD, = (x =)» ec. 
y 
Proof.— 


The argument will hold for any number of variables. Consider 
the matrix of polar operations 


re Ze Ut a 

ae 5 080s 

eee vig She ee 
| @y Yy | 

Zy Yx Ly, 


where the typical element 8, denotes a polar operation, e.g. 


pe ¢ ) De 


Since Bag = Byya— yaBy holds for any three a, B, y among 
x, y, 2, t, we infer that all elements above and to the right 
of the diagonal z,, y,, «, are expressible in terms of these. 
Hence, for reasons used in (23), p. 116, the equations (27), which 
we can call the diagonal equations, imply a whole triangle of 
equations. This is true in general for k variables a, y,..., s, ¢. 

Again, if H is the Capelli operator (25), p. 117, answering to 
the matrix D, its expansion as a determinant consequently loses 
all terms except the leading diagonal 


when it operates on f, if all these elements of the upper triangle 
are zero. 


But by Euler’s theorem for homogeneous functions 
ty f= pf, Wi=as, 2f=rf, tf=sf. 
Hence Hf= (p+ 3) q+ 2) (r+ Vsf. 
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ase) more; writing H = 3 (yet) ijn (2 = - ) and 
operating directly on f, we obtain Ox Oy Oz Ot/ ijn 
pers(abed | wy2tae bt tae! 
Accordingly 
area ar l)isias pers Kf, « + (29) 
where 


K = (abed | xyzt), f,=a,?~1b,2 167 "df". 


Let the polar operator B, (2 == 8) denote any element of 
(28), not on the leading diagonal. Then by actual differentiation 
we find, 


Bak fi = (Bak) fi + K Batt = KBaSf, 


so that K commutes with the operator By, when pus on fy. 
Hence Kf,,f, = 0, whenever £, Kf, and therefore, by (29), Baf 
vanishes. So that Kf, satisfies exactly the same ee (27) 
as f, provided that, for the purpose of differentiation, A is re- 
garded as a constant. 


Then if s > 1, we deduce, similarly to (29), that Kf,= Ke, Kf,, 
and therefore 


f= CK "he he = es Die as? eat 
where c,, C are numerical non-zero constants. 


Similarly s such operations lead to 


f= 0, (abed | ayzt) a,?*b,!*ef— 


> 


where C, is numerical, and non-zero. 


ue a) followed 


Finally by (7 — s) operations with (aye 
9 On y 0z 
es -) we obtain the fectelt normal form, 


by (¢—7) with (ay Ane 


so proving the theorem. 


EXAMPLES 


1. The necessary and sufficient conditions for f to be symbolized by 
a perfect pth power 
f= (abe... <6 lay... PP 


are that it satisfies 2(k — 1) conditions 
Dey f Dyzf CEOEG Det f 0, Disf= Ca Dyf= Dyx f = 0 


among the k variables x, y,...,38, ¢. 
(D 884 ) 18 
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2. What are the requisite conditions for a function of n sets of variables 


2, Y¥,...,¢ to be a perfect pth power of the determinant (xy. . . 1)? 
[Patil Bixee 


3. The necessary and sufficient conditions for a symbolic form in two 
sets x, y to bea perfect pth power (ab| xy)? are that it satisfies two dif- 


ferential equations 
i ee 
5) /—2 0) snl 
(y Ox f "By I 


4. A quaternary line complex is a form in six variables, py, Py3, Pia 
Po» Pyar Pay» Where pij = (xy)ij. Prove that it can always be symbolized in 
the normal form (abp)" = (ab | ay)". 

[Use the differential equations of Ex. 3 on the non-symbolic form. 


7. Historical Note. 


The results given in this chapter cover a long period of study. 
The Gordan-Capelli binary series was first given by Clebsch and 
Gordan,! and next it was extended to the general case by Clebsch 
and Capelli.? 

These normal forms of §6 were called primary covariants by 
Deruyts (Hssai, .. . (1891)), who also studied this general problem, 
although the theory goes back to Clebsch?, Gordan, Mertens,4 
and Study.° The general theory is given by E. Noether ® who 
uses the theorem of corresponding matrices, and by Weitzenbéck? 
who introduces complex symbols. A purely algebraic discussion 
free from differential operators can be based upon the far-reaching 
results of Frobenius * and A. Young.® 


1 Math. Annalen, 5 (1872), 95-122. 

2 For ternary forms, Battaglini, 18 (1880). For n-ary forms, Mem. del. R. 
Ace. dei Lincet (1882), (1891), (1892), and Math. Annalen, 27 (1885). See above, 
p. 254 (21). 

8 Gottinger Nachrichten, 17 (1872). Ternary and general. 

4 Wiener Berichte, 98 (1899). Quaternary. 

® Methoden, p. 54. Ternary. 

° Math. Annalen, 77 (1915), 93: Crelle, 189 (1910), 118 seqq. 

* Invariantentheorie (1923), V, pp. 121-159. 

8 Berliner Sitzungsberichte, 1 (1897); 2 (1899). 

* Algebra of Invariants, Chapter XVI: Proc. London, Math. Soc., 83 (1901) 
and 84 (1903), 228 (1928). 


CHAPTER XVII 


APPLICATIONS OF CLEBSCH’S THEOREM. APOLARITY AND 
CANONICAL Forms 


1. Similar Forms. 


When a number of forms 
jis ea Pea Bes Pace ie GL) 


all have the same sets of variables and are all of the same 
respective orders [p, g, ...] in these variables, they are called 
similar forms. For example, we may have a system of ternary 
quadratics, in which case 7 = 3, p = 2, and one set x of variables 
is used, 

Let N be the number of the coefficients 


eee ie et fees ar 


in f, and therefore in each similar form. For ternary quadratics 

this N would be six. Further let A, B,..., G, H denote these 

coefficient sets of N + 1 similar forms fi, fy, ..-. fv» fyi 
From these we can build a vanishing determinant 


eet eA. Of 
| nected aay i 
[eee Rats yee ethene (po Chall) 
Ce arg eee 
H, A, Seas Hs, dips 


because the last is a linear function of the other N columns. 
Let the expansion of this by its last column be 


Tae Hoye ae ioe Begs Sy Om Mat) 


This shows that, as in §1, p. 73, 
Any N+ 1 similar forms are linearly dependent. 
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If the rank r of the matrix of the first N columns is less than 
N, then the forms are not the most general, but can be expressed 
in terms of r forms suitably chosen. If r= 2 each form can 
be written as 


NEN 


in terms of two linearly independent similar forms. Then they 
are said to make a pencil of forms. For r= 3 they make a net 


Af+ 1 =e TS face 


The fundamental property of similar forms is this: 


Each set A, B, ... behaves like a cogredient linear form in the 
field of category N. 
For if A—> A’, B—> B’, ... denote the transformations 


induced by that of the variables — wz’, then the coefficient 
matrices of these transformations are all precisely the same 
because the sets A, B,...are similar. It follows that the 
co-factor of f,,, in A, say 


Ee =| Ay Beno 
18 an Invariant, since it is a typical bracket factor for the field 
of category N. So also are each of K,, Ky,.... 
2. Types. 

We already know that the Aronhold operator (§10, p. 141) 


anh ees 
C 4 = 28 aA, 


produces a concomitant when it operates on a concomitant 
involving A. Indeed the process is analogous to the polar process 
involving variables, and thereby it leads to a theorem, first given 
by Peano, which will be seen to play for the coefficients exactly 
the same part that the theorem of Clebsch played for the vari- 
ables. 

Let all such Aronhold operators involving similar sets of 
coefficients A, B, C, ... be utilized, and a rational integral 
combination of these acting on a concomitant be called an 
Aronhold process. Then every concomitant so derivable from 
one and the same original concomitant is said to be of the same 


type. 
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EXAMPLES 


1. Any concomitant can be rendered multilinear (§10, p. 141) in its 
ground form coefficients, by Aronhold processes. All of the same type 
can be brought to the same multilinear form. 


2. An Aronhold operator Laja; .. acting on a form linear in 


6 
‘OA... 
the coefficients Ajj... automatically replaces the actual by the symbolic 
coefficients. One such operator for each coefficient set reduces the form 
entirely to symbols. 


8. Ternary cubics az°, bx?, cx®, dz?, ex? have an invariant of type (abc)3. 
For each of (abd), (bce)?, . . . can be derived by an Aronhold process. 


3. Peano’s Theorem. 


It is obvious from (4) that if one of A; is non-zero, say K,,,,, 
then any form can be expressed in terms of the first NV similar 
forms. Hach coefficient of f,,, 1s given as a rational function of 
those of f;, ..., fy, with K,y,, appearing in the denominator. 
If, further, the irreducible system, given by Gordan’s theorem, 
is known for the N forms, a rationally complete system for any 
extra simultaneous similar forms naturally follows. But we can 
go further and find an integrally complete system in general, 
once we know it for N — 1 similar forms: and this brings us 
to the theorem.! 


Peano’s Theorem.—With the possible exception of the deter- 
minant K, linear in the coefficients of N similar forms each with 
N coefficients, every polynomial concomitant of any number of such 
forms is expressible by the complete system of N — 1 such forms, 
and by types derwed from this system. 

Proof.— 

We regard the concomitant as a polynomial, homogeneous 

in each set of N coefficients A. Selecting the coefficient sets 


of the first N of N+ 7 such forms, we express every poly- 
nomial concomitant as a Gordan-Capelli series (p. 254 (21) ) 


Abo + KA gy + KAggs + ++ 


where K is the determinant K,,,, in these NV forms, ¢ is a function 


NV+1 


1 Atti di Torino, 17 (1881), p. 580; D. Hilbert, Schwarz-Festschrift (1914): 
E. Noether, Math. Annalen, 77 (1915), p. 93; for binary forms, see Grace and 
Young, pp. 321, 349, 358; Weitzenhock, Invariententheorie, p. 162. 
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of at most N — 1 sets of coefficients, and A, is an Aronhold 
process. 

By the mode of constructing such a series, each ¢; 1s Invari- 
antive since we started with an actual concomitant. Thus the 
series is entirely composed of types belonging to N — 1 ground 
forms at most, together with A, involving N ground forms 
linearly. Q.E.D. 


In some cases K itself is reducible, as in the binary forms of 
odd order. In some it is certainly irreducible as in the case of 
SIX Conics. 

Example.— 

In the quaternary field, a complete study of concomitants is effected 

by confining oneself to ground forms in three types of variable «= wvw, 


p= uv, and u, together with polar forms, while the knowledge of all 
possible types of concomitant for a given type of ground form, say a 
quadratic in x which has ten terms La;j;x;xj, is complete if we know those 
of nine quadrics together with the ten-rowed determinant linear in the 
coefficients of ten quadrics. 


4, Dual Similar Forms. 


Just as there are dual systems of variables 


DU tite TT ps than a Ta pleayies NEE | (5) 


d b 
an Ds O.. % ou Daw tue Ae Play, GE ae ee 


so we may consider certain forms f and ¢ to be dual of each 
other. Symbolically we merely have to interchange italic and 
Greek letters a, b, c, a, B, y, ... throughout. 

For example, a,”, uw,” are dual forms of order p in the 
original variables; (ab| xy)’, (28 | w)’ are dual forms in second 
compound variables. More generally 


f Oy Giren).A DON Fy) oe (def | 405) eas \ 
b= Waar o (By | Po)ee. (Geb pa) ane! 
are called similar dual forms when they possess corresponding 


symbolic factors. Manifestly they have the same orders in their 


corresponding variables (5), and the same number N of actual 
coefficient sets, say 


A= [A,, A,, ee) Ay] | 
— {p, P2 +++5 Py} J 


1Grace and Young, loc. cit. 


(6) 


Oe ee rea 
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Obviously the preceding results of this chapter apply to a system 
Ob similar forms dis, 0s 5 ysis 2 

- In general the sets R ond A are arbitrary and independent, 
for this duality merely refers to their structure. 


Dual similar forms {= a,?, ¢= ug? possess a simultaneous 
invariant linear im each, namely 
= (eye / 
(f, b)y = Ga” = ¢ Ay py + CpAgpe +--+ CyAyPys 


where each c; is the multinomial coefficient occuring in the 7th 


term of both f and ¢. 
This invariant can be generated non-symbolically by the 


operator 
OMe Ome oO. .@ 
= Phe ais] Urey eustre 
@ Ge ) On, Ou 02, Ort, 
In fact 
Ofe— y ) 4) ee 5 Of Od are a> OP aig? a, 
Ox; OU rs Ou; 
= 7 Gate Uae 
Hence fb = p! pad = p!p!\(f, $)y- 
EXAMPLES 


1. The ternary quadratics ax? + by? + cz?+ 2 fyz + 2gzx + 2hay and 
Au? + Bu? + Cw? + 2Fow + 2Gwu + 2Huv have a bilinear invariant 


@=aA+ bB+ cC + 2fF + 294 + 2hH. 
2. Adapt this theorem to binary forms. 


If f = az? is a binary p-ic (dp, 4, ..., Ap $ X14, L»)P, a dual form is also 
a binary p-ic but its coefficients are reversed with alternate signs 
changed. Thus 


oy Gy, As, As bs, —b2, by, —by 


are dual sets for binary cubics. For by (49), p. 145, contragredient binary 
variables u,, uw, are cogredient with x, —a,, so that the dual form wg? is a 


; 7) Oo \P 
polarized form of, say, bz”, the polar operator being (w —— uy =) : 
Ox, OX, 


8. For binary forms az?, by? this invariant is their pth transvectant 


(ab)? = aybp — pay bp—1 + (2) asb»—2 — e+ (— )P ay dy. 
4, Two general similar forms dz; by..., Wavg.-. have a corresponding 
invariant a,bg ... derived by a product of operators i | 5 


0) 


i 
oy 
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5. More generally, two dual similar forms involving compounds 7, p; 


oe ) 
Opi ! 


6. Derive a. (bc| By)? from ax (be| 7)", Ua(By| P2)?: and write down a 
typical term in non-symbolic notation. 


: : : 7) 
have such an invariant, derived from a product of operators é : 
Ti 


5. Apolarity. 


Definition Two dual similar forms f, 6 are apolar if their 
lineo-linear wnvariant (f, 6), vanishes. 


When two forms f, ¢ have this property very many interesting 
geometrical facts can be deduced. We shall confine ourselves 
to one aspect of the case, namely to the discovery of ‘the so-called 
canonical forms. But as a preliminary to this, a few properties 
of apolar forms are useful. 


(i) First, there is one dual form ¢ apolar to each of N— 1 


given linearly independent similar forms f,, fp, ..., fy—13 for 
this amounts to giving N — 1 linear equations 

y Ay Pure Ch As Pe eee ly Ay Py = 05 fe (8) 
one for each of the N— 1 sets of coefficients A, B, ..., F. 


The c’s are the same throughout, and the equations determine 
the set p, and therefore the form ¢, to a constant factor. 


(11) Next, if v of the coefficients A happen to vanish and the 
complementary (N — r) coefficients of # vanish, then (8) is 
satisfied, so that f and ¢ are apolar. 


(11) Again, if ¢ is apolar to each of f,, fy, ... it is also apolar 
to any linear combination of f,, f,,.... Further a linear com- 
bination of r forms f can be apolar to such a combination of N — r 
forms ¢. These results all follow from the condition (8). 


6. Apolarity of Dissimilar Forms. 


When forms f, f’, possess the same variable sets but to different 
orders, they may be reduced to a common order by polarization. 
For simplicity let us deal with one variable set x only. Then if 
f= a,’, f’ = b,', ¢ > p, we polarize the latter (¢ — p) times with 
an arbitrary cogredient set y and obtain the form f’’ = b,7~? b,? 
similar to f as regards a. 

Let M be the number of separate terms in the non-symbolic 
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expression of f’’ as a polynomial in the arbitrary set y. Then 
jf” is in effect a set of M linearly independent p-ics in a. Now 
if N > M we can find N — M forms u,”, apolar to each such 
portion off”. We therefore take this as the definition of apolarity 
of f’ and @ when the orders differ. Thus, in symbolic notation, 
we infer that 

Two forms t' = b,", 6 = ua? (q > p) are apolar if the covariant 
ba? by“? vanishes identically for all values of y. 

Dually, of q <p, f and ¢ are apolar when the contravariant 
ba! va?" vanishes identically for all values of v. 


EXAMPLES 


1. Let f = az’, o =: u,” be a ternary cubic and contravariant quadratic. 
Then az? dy has 3 terms in y, while vu,” has 6 terms: M = 3, N= 6. Hence 
three linearly independent conics exist which are apolar to f. 


2. A binary quartic az? has two terms in y among its cubic polars 
Ag? dy: M 2. AP sy, 


3. If f= az, f’ = b2I, 9 = uP +4, then ff’ is apolar to o if either f 
or f’ is apolar to 9. 


4. The ternary p-ic az? is apolar to the pth power of a linear form 
Uy if hy? = 0. 


Geometrically, if a curve of order p passes through a point y, the point 
reckoned n times is a dual apolar form. 


5. If ag? is apolar to the (py —1)th power of a linear form wy then 
ay?—! az = 0 for all values of z. Geometrically, what is the point y? 


[A double point on the curve. 


6. If az? is apolar to the (p — 1)th powers of k& different linear forms 
the geometrical locus az? = 0 has & distinct double points. 


This is true for all fields, ternary and higher. 


7. Canonical Forms. 


Let 
A ee Ay AI a wey oy is the 9 Aap » 1) 


be the coefficients of a form f before and after linear transform- 


ation of its variables, so that each A,’ is a linear function of 
the A’s. Thus 


A; as 0,4, ai Ding aie RELIG ae OAs ae (10) 


where each 0,; is a function of the elements &, ..., w, in the 
matrix M of the transformation. 
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Then a very pertinent question arises, how far can these 
A’’s be arbitrarily assigned? In particular can some, and if so 
how many, of them be zero? Can we, in fact, throw lites into a simpler 
form by a suitable transformation? 

Answers to these questions are ready to hand. Thus if capital 
letters X, Y, Z, X; denote linear functions of the variables, and 
in each case the general form is under discussion, then: 

1. The binary cubic! can be written in the canonical form 
X3 + Y3, 

2. The binary quintic, X5 + Y5 + Z?. 

3. The binary quartic, X4 ++ 6mX7Y? + Y*4. 

4. The ternary cubic, X3 + Y3 + Z3 + 6mXYZ. 

5. The ternary quartic, 8,83 — 8,?, in terms of three ternary 
quadratics. 

6. The quaternary cubic, X,3 + X,? + X,3-+ X,3-+ X,3. 

7. The ternary quartic cannot be written as the sum of five 
fourth powers of linear forms. 


Let us typify these problems by stating each in the form 
Fk) ZOLA pao eal el 


(or F(S) in case (5)). Each X is a lnear function of the original 
variables x;; the total number of terms on the left side is N; 
and this is an identity for all values of z,. Hence N separate 
equations connect the coefficients of terms in x on the left and 
right. 

Let: X= Ga -F Gate... CAS Gin Ae rome 
so on. Here we have n undetermined coefficients for each X or 
Y or Z, giving for cases (1), (2), (6) above 2+ 2,24 2+ 2, 
4+ 4+ 4+ 4-+ 4 such unknowns. Now these exactly tally 
with N the number of terms in the given form f(z) 

Thus the bmary cubic has four terms, and X? + Y? written 
AS (4,2, ++ Ay%q)* + (b,x, + byx,)? has four unknowns aj, dy, bj, dp. 
In general we can solve these NV equations for VN unknowns ae 
obtain a finite number of sets of values a;, b;, ... which reduce 
f(x) to F(x). This is called the test by counting constants. We 
call all these unknowns, together with further coefficients m in 


‘Note that the form X*-+ Y% is inadmissible if the cubic has a repeated 
factor. 


XVII] : CANONICAL FORMS 267 


the canonical form, the parameters. Parameters occurring in 
X, Y, Z, &c., are implicit; others such as m are explicit. 


Baxamples.— 

Case (3): N=5=2-+ 24 1. Here m is the extra unknown. 

Case (5): N= 15<6+6+6. Each S has six unknown coeflicients. 
Presumably three can be arbitrary. 

Case (7): N= 15=3+3+4 3+ 34 3. This passes the test. 


8. Counting Constants is not Sufficient. 


Historically the ternary quartic, in case (7), provides the key 
to what follows, because at one time it was assumed to fall in 
with the general law. But an easier example of the inadequacy 
of this test is furnished by attempting to write the binary cubic 
X3 + X*Y. Here 2-+ 2 = 4 satisfies the test, but it is insufficient 
because F(X) contains a repeated factor whereas the original 
cubic need not. Something more is required; and it is supplied 
by the Lasker-Wakeford theorem.t 


The Lasker-Wakeford Theorem. 


A form F(X, m) which contains not less than N parameters 
among the k auxihary forms X and x explicit coefficients m, is, 
or is not, a legitimate canonical form of f(x) provided there is not, 
or there always is, a form ¢(u), dual to £(x) and apolar to each of 
the k +r derivatives 0OF(X, m)/0X, 0F(X, m) /dm. 

The forms X need not necessarily be linear. 


Before proving this paradoxical and very curious theorem, 
let us illustrate its scope in cases (3) and (5). For the binary 
quartic 

OF oF Pano! : 
+ aX X3 + 3mX Y2, tay = 3mX?Y + Y8, oe aX ye) 
Treat X, Y as variables, and U, V as duals. 

Now if d= B,U*+ B,U2V + B,U2V2-+ BLUV3+ B,V*4 is a 
quartic apolar to X*Y?, then (p. 263, Ex. 3) B,=0. If it is 
also apolar to a cubic X% (whose coefficients are |, 0,0, 0) then 
each first polar (uo + me is apolar (p. 265, Ex. 3). 
Hence the apolar condition is 4U’B,+ V’B,=0, so that 


E. Lasker, Math. Annalen, 58 (1904), 434-440. E. K. Wakeford, Proc. 
London Math. Soc., 2, 18 (1918-19), 403-410. 
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B,, B, both vanish. If ¢ also is apolar to Y%, then B,= B,=0. 
Hence an apolar form ¢ does not always exist, for it disappears 
in the case when m= 0. By the theorem this is enough to 
prove X4-++ 6mX?Y? + Y* a legitimate form. 


EXAMPLE 


Prove © non-existent for the cubic X3 + Y*. 


9. Proof of the Theorem. 


Let the parameters v in number be I,, Jp, ..., l,, so that the 
assumed identity (11) leads to N (< vy) equations of the type 


Aaj (Gy, l., Deets fy is) . . . . (12) 


where each f; is determined explicitly by expanding the canonical 
form F. For instance, a, and b, are two of these v parameters 1; 
in the above binary cubic, and f, = a,3 + 6,3. 

Then if we can solve these N equations for N of the v 
parameters in terms of the rest, the form F is legitimately canoni- 
cal. If not, F is uncanonical. Now a solution is, or is not, possible 
according as a relation %(f) == 0 does not, or does, exist: that is, 


if the rank of the matrix EI is NV, so that at least one N-rowed 
o(f) 


Jacobian a(t) does not vanish identically for all values of its V 
parameters J, then a canonical form exists. 

But in the uncanonical case a relation %(f) = 0 exists for all 
values of the v parameters 1. Thus 


Of, Op oft op COL 20 Neer 

ES AL H A Os ee ine > 0) (= 1 EF iP) 

OL OF ane coils ol, Ofy 
Now this is a lineo-linear relation of type (8) between the 
N coefficients E atc fe of a form y, and the coefficients 
[1 ad Lee) 


LE ie pee of a dual form (u). And owing to 
le, of, Ooi ae ; 
relations (12), this form y, is precisely 5] : 


Then unless the vy forms y, have an apolar form ¢(w) for all 


values of the parameters, %(f) = 0 cannot exist and the form 
F is therefore canonical. 
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Finally, if any of the parameters are implicit, say 1 = a; 
in a linear form, 


X= 4,%,+ A, %+...+4,4,, 
then Of (eyOb=s 0 F(X) 0l= gohloX. 


Hence for each value of 2, 7;0 F/0 X is apolar to (wu). This requires 
0F/0X to be apolar to d(u). Conversely if 0 F/0X is apolar, so 
is Cf(x)/ol. Similarly if X is a form in 2,..., ”, of higher order. 
This proves the theorem. 


EXAMPLES 


1. A general ternary quartic cannot be expressed as the sum of five 


fourth powers because a quartic exists apolar to the five special cubic forms 
40F /OX; = Xi. 


Proof.— 


Through five points a conic can be drawn. This conic counted twice 
has these five for double points. Hence by Ix. 6, p. 265, a quartic az* 
apolar to five cubes exists, and dually a quartic u,* apolar to five cubes 
Xj? exists. 


2. A general binary form of order 2k — 1 can be expressed as the sum 
of & linear forms, each raised to the same power 2k — 1. 


8. Any binary p-ic f, apolar to every p-ic 9, which has a linear factor 
X repeated 4 times, must itself contain this factor X repeated p — 4 + 1 
times. 

[Combine Ex. 8, p. 263; (iii), p. 264; and §6. Treating X, and another 
linear form Y, as new independent variables, then the last \ coefficients of 
© are zero: whence the /ast p — } + 1 of f must also vanish. 


CHAPTER XWidt 
INVARIANT EQUATIONS AND GRAM’S THEOREM 


1. Expression of a Gradient by Coefficients of Covariants. 


Let f(A, x) typify one or more ground forms whose typical 
coefticient A is symbolized by a product a,a;a,..., and whose 
transformed coefficients are indicated by an accent. Then (§6, 
p- 202) a single-term product P’ of coefficients A’ is symbolized 
by a product of factors a@,’, and therefore of ag, d,,..., bg,... . 

Now consider the n columns €, 7, ..., @ of the matrix M/ 
which transforms x to x’ as a set of n cogredient points, then 
P’ is at once the symbol of a concomitant for the ground forms 
and these n points, because it consists entirely of mner products 
such as ag. Further, let P’ be expanded by a Gordan-Capelli 
series as 


Pi UO acne es 
= SAP, (LSA, Bee WA, eee 


where each & denotes a concomitant, and A, is an aggregate of 
polar operators (n a &c., nvolving pairs from among €,7,...,w. 
Each P; involves (n — 1) of these cogredient sets, and | M | 
denotes (7 ...w). We provisionally call each P,; a covariant. 
For bimary forms (n = 2) this has the usual meaning, because 
P, has now only one set &. 

Identity (1) is true for all values of €, ...,@,. Taking the 
unit matrix in particular, when &, = y=... =w, = 1 and all 
the rest vanish, we obtain ag = a,’ = a; so that each P; becomes 
a coefficient in a certain covariant P;, | M| becomes unity, and 
P’ becomes the original product of actual coefficients A (cf. 
§1, p. 226). ) 

Finally, if we select a number of terms P, isobaric and there- 
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fore homogeneous, in each €, 7, &c., and add the results, we obtain 
the theorem: 


Any gradient can be expressed as the sum of coefficients in 
covariants involving n— 1, or fewer cogredient variables. 


Examples.— 


1. For binary cubic forms (do, @,, do, ds 6 Mz a)*, (Op,) O1» Bo, Os 0 Bp a%5)° 
let. tee = ab. Then 


2P’ = (1 pas be® + (&n) (ab) qe? be?. 


2. Let (a) be a polynomial of binary coefficients such that when 
(a) = 0 so also ¢(a’) = O for all values of &), &, 1, yo. By taking the 
diagonal matrix (€; = y, = 0) show that 9(a) must be isobaric. 


8. The Gordan-Capelli series for 9(a’) is 
@(a’) = Ao Po + (En)Ai Py + (81)? As Po + . 


where the typical co-factor of (y)" is a polar of a covariant, say cz?. Except 
for a numerical factor the typical term is (Gy)"ce?—™+"¢,"—", Putting 
2 == py = I = SO WK. C—O) and the typical term is 
CyP—™+? em—?, which is a coefficient in the covariant c¢?. 

Hence if o(a) = 0 and also o(a’)= 0 for all transformations, a certain 
set of covariants Py, Py,... must vanish identically. 


2. Invariant Equations. 


Suppose a relation ¢(A) = 0 to exist between the coefficients 
of one or more general ground forms, in such wise that exactly 
the same relation ¢(A’) = 0 exists for the corresponding co- 
efficients after an arbitrary lear transformation. Then this 
relation is called an invariant equation. Geometrically, such rela- 
tions are called projective relations. 

It is clear that this is the kind of result which frequently 
occurs in analytical geometry (cf. p. 132); but it is by no 
means obvious that the case of such ane 1s Hae by our 
invariant theory, because the condition ri = |M|"I(A) of the 
latter is more stringent than to say ¢(A) = ee = ae oe 
theless they are closely related, as a following theorem 
demonstrates. 


3. Gram’s Theorem. 


If an invariant equation exists it belongs to a system of m such 
equations which specify thai the m coefficients of a certain covariant, 
in n or less variables cogredient with x, vanish. If m= | the equation 
specifies the vanishing of an invariant. 
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Conversely, if a covariant vanishes identically it continues to do 
so after linear transformation. 


Proof.— 


This converse is obvious, while the direct theorem follows 
from the result of the last section. 


For if ¢(A) = 0 is an invariant equation then by definition 
#(A’) vanishes identically for all values of the transformation 
coefficients €,,...,q@,. We construct ¢(A’) as a function of 
the A’s and the é’s, 7’s, ..., expressing it in is lowest terms as 


f(A’) saa Cy (A) oa C2 b2(A) ={ sews ois Cn Pm(A), (2) 


where each c; is a function of €, y,... only. As ¢(A’) vanishes 
for all values of £,,...,@,, it follows that 


dy (A) a 0, b2(A) -e 0, ae ae Pin (A) = 0. (3) 


Thus we deduce m linearly independent conditions as a con- 
sequence of an invariant equation ¢(A) = 0. Interchanging the 
roles of A and A’ we deduce from the inverse transformation, 


$1(A’) = 0, $2(A’) = 0, Oo) bn(A’) = 0. (4) 


Thus we have a system of m invariant equations. But so far 
we have not shown that they include 4(A). This follows by 
substituting €;=y =... =w, =1, &c., from the identical trans- 
formation, making ¢ (A’) = ¢(A). For now (2) becomes 


p(A - =) 4,(A )-F rah(A ee Sos XinPin( A), - (5) 


where each X is numerical. 


Further, by making the transformation matrix M a diagonal 
matrix (Hx. 1, p. 101) with zeros everywhere but on the diagonal 


Cs pe see On and ae these values of €,..., w im (2) 
we infer that parts of d(A’) homogeneous separately in each 
€,7,... Satisfy the typical invariant equation condition. Hence 


we ie no generality by assuming ¢(A) is homogeneous and iso- 
baric in A. In fact d(A) is a gradient. 


Finally by the Gordan-Capelli expansion for ¢(A’) of the 
preceding section we have an explicit form for condition (2), 
which at once shows that the m functions ¢;(A) are the several 
distinct coefficients in a covariant, or combination of covariants. 
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In particular if m= 1, then, by (5), 6(A) = A,¢,(A), and by 
2), o(4')= + $4), showing at once that 4(A) is an invariant. 
1 
This proves the theorem. 


4. Grace’s Theorem. 


Quite recently Mr. J. H. Grace! has developed this theory 
with more particular reference to these vanishing covariants. 
The question which is put now runs as follows: 


What is the most general polynomial 4(A) of degree i in the 
coefficients A which vanishes when the ground forms have an assigned 
projective property? 


The answer is simple, namely: 


f(A) 2s the sum of a number of parts each of which is a coefficient 
im a covariant of the forms, and all such covariants vanish in virtue 
of the assigned property. 


Such covariants have already been found; they can be taken 
as linearly independent of degree 7. But it can further be proved 
that the coefficients themselves are linearly independent. In 
fact, there cannot be a linear relation between any coefficients 
of a set of linearly independent covariants, for if there were, 
the operation of writing a¢ for a, @, for a,, &c., would immediately 
give a linear relation between the covariants themselves. 


This theory is applicable to forms of all types already con- 
templated, including multiple fields. Little or nothing is known 
about these last, and in fact the whole subject presents many 
opportunities for further investigation. 


ELxamples.— 


1. To find the necessary and sufficient conditions for a ternary cubic to 
be a perfect cube. 


Let az? = by? be the symbolic form of the cubic which is to be a per- 
fect cube (p12, + 2% + 3% 3)? where the coefficients p; are actual numbers, 
and ajjr is the actual coefficient in non-symbolic form. Thus we have a 
number of non-symbolic equations 

Aijk= pipjpr (tj, k = 1, 2, 3). 
This is secured by eliminating p,, :, p3 in every possible way, giving 
Qi jk? = QiijAjkk, Wii Ajj = Vij Vijj- 
1 Journal London Math. Soc., 3 (1928), 34-38. 
(D884) 19 
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Symbolically this gives two types of condition 
U1 gGs « 0, 0505 = Gy%Gy. 0, 5,75 a, . 0, = ay Ptgs 01S". 
The first leads by Gram’s theorem to the covariant 
Ag Ay Az by bybz= Ag? dy by bz? = ax dy by bz [azbx — ax bz]. 
Tf w; = (2x)jn we can write this 
(abu) ay dy by bz, 

and by interchange of equivalent symbols this becomes 

3 (abu) (ab| xz) dy by = 4 (abu) (abv) dy by, 
where v is cogredient to wu. This concomitant is a polar of 

4 (abu)? ax bz = 40. 
The other condition gives the covariant 
ec? by® — Ax? dy ba by? = Ax? by? (ab | xy) 

= 4 (abu) (az? by? — ay? by?) = $ (abu)? (dx by + ay bz), 

which is a polar with regard to y of the same form ©. 


Hence the required condition for az% to be a perfect cube is that the 
mixed concomitant © should vanish identically. 


2. The cubic az? in n variables is a perfect cube if (ab| wy)? az bx vanish 
identically. 

8. The quadratic az? in variables is a perfect square if (ab| xy)* 
vanish identically. 

4. The binary n-ic is a perfect nth power if the Hessian vanish 
identically: and consequently all its concomitants except itself vanish. 


5. For the binary n-ic which contains a factor repeated  — 1 times 
all covariants of grade four, i.e. such as contain the symbolic factor (ab)?, 
vanish. (Grace.) 


6. Let f= az” = by” be a binary n-ic. Show that a complete set of 
covariants of degree two is 
f?, Hy = (ab)*ag"—-2b,"=2, Hs = (ab)*ag 40," —4, 
He = (ab)8 az Sb,  &e. 
7. If lz is an actual linear factor, repeated n — i times in f, so that 
f=0 modl,"—", 
then all covariants of degree two vanish except 


iy a hkedeln og sles (Grace.) 


5.4 Invariants as Elimination Results. 


Let f= a,’ be an n-ary p-ic whose actual coefficients are now 
written 


Op: OSs vicies, Cyre keen oe ae ae) 


Further, let the linear transformation «—> w’, of matrix f[e, a 


1Gram, Math. Annalen, loc. cit. 
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induce a transformation a — b on these coefficients, so that the 
new coefficients are given by N linear equations 


Ne 
b, == ae Pon (é;;). . . . ° . (7) 
p= 


Then, if f has two polynomial invariants I(a), K(a) of the same 
weight, they give rise to an absolute invariant 
I (a) 


SO rang NE aS eS) 


= cane or I(a) K(6)— K(a)I(6)=0. (9) 


This last is a polynomial equation in the coefficients a;, b, which 
by definition must vanish identically for all values of e,; when 
each b, is expressed in terms of the original a’s. In other words 
(9) is the result of eliminating the n? coefficients e,; from the N 
equations (7). Hach absolute invariant is an elimination result, 
or let us simply say a resultant, of the system (7) regarding e;; as 
the variables. 

For this to happen in general the number NV of equations 
(7) must exceed n?, else the e’s cannot be eliminated. So we 
assume N > n*. But we can go further and prove conversely 
that 


Every resultant derwed by eliminating the n* coefficients e;; 
from the N transformation equations furnishes, either a system of 
invariant equations for the coefficients a, of the ground form f, or a 
relation 1(a) = 1(b) expressing the equality of two absolute invariants. 


Proof.— 
Let such a resultant be expressed as a polynomial in each 


a, and b, as 
Ge Dy Ons Ue Tet a aves LO) 


There are two cases to consider. Hither one set of coefficients 
is absent from R, or both are present. 

First we can take R to be R(a), excluding b. By interchanging 
a, 6 and using the inverse transformation and carrying out 
identically the same steps we should have arrived at the analogous 
result R(b) = 0. Hence R(a) = 0 belongs to an invariant system 
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of equations, and by Gram’s theorem certain invariants or co- 
variants of f vanish identically. In this case f is not a general 
n-ary /p-1c. 

Secondly, R contains coefficients of both types a and b. We 
write the resultant explicitly as 


Rede Ry Ya Be ap on a 


where, for each value of 7, A; is a homogeneous polynomial of 
degree 7 in the coefficients a, and B; likewise in b. Further we 
suppose each such resultant to be in its simplest terms and 
irresoluble into factors. 

Let a new linear transformation « — y induce the coefficient 
transformation a — c of matrix |e;||. Then between sets (a) and 
(c) there will be a corresponding resultant 


RA, One ety Cy ee) 


each C,; being the same function of (c) that B; 1s of (b). And 
since (a), (b), (c) are connected linearly, there will be a matrix 
[9;;] for the direct transformation b — c, with its corresponding 


resultant RS = Be Cy ae ae ac By Gp Pe (lo) 


where each B,’ is analogous to the original 4,’. 
Solving (11) and (12) for A,’ and equating the results, we have 
B B C. C 
Ay st tt AS SS A aS 
at ot Ar ae Ay ee ee 
which along with each preceding relation must be an identity 
for all values of the elements e;,, 0,; Then if we express 
each C, as a function of (b) and (6), the result (14) gives a relation 
between sets (a), (b) also involving an arbitrary set (6). As the 
a’s only enter (14) by way of the v homogeneous polynomials 
A,’, and, by (7), the 6’s are arbitrary, it follows that the co- 
efficients of A,’ are equal on each side. Thus 
Bee ope Abe 


—=—, —=—*, &c. 
By mii 2 Bie Ogu 


Ei p> 


Hence by interchanging the rdles of (a) and (c) we have ty SS ee 
a==1,2,..., v, each of which is a relation of type A, By 
$(a) _ $(0) 


$(a) f(b) 
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In other words it is an equality between two absolute invariants 


i(a) = i(b). 


Corollary I.—The numerator and the denominator of an 
absolute invariant 6(a) / x(a) are relative invariants. 


For if we write the absolute relation as 
(>) = pd(a), (b) = p(a), 


then (0) and #%(b) are polynomials in both sets a and e,;. Con- 
sequently p is a rational function 


pa, é) 


q(a, €) 

certainly involving the set e and possibly a. If we suppose p/q 
to be im its lowest terms, then, in order to make pd(a) a poly- 
nomial, g(a, e) must be a factor of (a), and similarly of #(a). 
This is impossible, if d(a) / (a) is originally in its lowest terms, 
unless g(a, e) is a mere constant factor. Hence p is a polynomial. 

Further, since each 0 is linear in the set a, 4(b) and 4(a) are 
of the same degree in a. Hence the degree of p is zero, so that 
p depends solely on the set e;;. By the definition (§2, p. 169) 
this proves the result. 


Corollary II1.—The theorem holds for any simultaneous system 
of ground forms. . 


6. The Equivalence Problem. 


When a linear transformation «— x’, with non-vanishing 
determinant | e;;| = | | turnsa form f into f’ and consequently 
the inverse transformation x’ — x turns f’ into f, the two forms 
are said to be equivalent. Manifestly if f is equivalent to f’ 
and f’ to f” then f is also equivalent to f”. 

When the transformation changes f to pf’ where p is a non- 
zero constant, the equations f = 0, f’ = 0 are said to be equivalent. 
It is easy to adapt this last to the original case by multiplying 
each e;; by the same constant /p. 


The results of the foregoing sections show the necessary and 
sufficient conditions for two forms to be equivalent. The co- 
efficients (a) and (b) of the equivalent forms must either both be 
general, or else both satisfy the same particular conditions, and 
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also their corresponding absolute invariants must be equal. By 
Gram’s theorem this first entails the identical vanishing of the 
same covariants. 


7. Extension of Stroh’s Lemma. 


Recently Mr. J. H. Grace? has used the preceding methods 
of canonical forms, with great effect, for theorems which used 
to be very difficult to prove, though of considerable importance 
in applying the fundamental identities 


(bc) a,, + (ca) b,, + (ab) ¢, = 0 
(bed) a,, + (cad) b,, + (abd) c,, + (bac) d, = 0 


to binary and ternary forms. 


For if Ay, Ag, .--; A, are positive integers, each not exceeding 
p, such that 


Aes Ai hess GS Die eee 


then a canonical form of £(€), any general or special binary p-ic in 
Ey Ss, as 
fC E) ae AY Pek PR, ee ee) 


where X,, Xo,...X, are r gwen distinct linear forms in €,, 5, 
and P, is a form of order p — A;. For a given set of X’s this set 
of P’s is wmque. 


Proof.— 
Regarding the coefficients in P; as intrinsic parameters of 


the proposed canonical form, we note that P; supplies »; such 
parameters where 4;= p — A;+ 1. So the P’s supply in all, 


PI Riri LY FAD aia) oe a ae . (3) 


a number which tallies with the number of coefficients in f(€). 

Again, since (2), when written in full, is linear in these para- 
meters, not only does it provide p+ 1 equations for the p+ 1 
parameters, but the equations also are linear. Hence the 
canonical form is wmque, if it exist. 


: 
4 . . . A; 
Now suppose $(€) is a binary p-ic always apolar to UX ES. 

a 
1 Proc. Cambridge Phil. Soc., 24 (1928), 218-222 


nae 
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Then, if all »— A;-+ 1 coefficients in each P; are arbitrary. 
$(€) will be apolar to X,' P, singly, and therefore (Ex. 8, p. 269) 
will have X,"‘ as factor. Hence 4(€) will contain distinct factors 
X,", Xj", ... X,"" giving by (3) a total order greater than p, 
its own order: which is impossible. Consequently no such apolar 
form ¢(€) exists, and the forms P;, are entirely linearly independ- 
ent, so that the canonical form (2) is justified. 


Corollary I.—If 7 = 3, we obtain Stroh’s lemma: 
If €,, ¢ are three quantities whose sum is zero, and A, p, v three 
positive integers (<p) such that 
Ad pte p+ 2 


then any homogeneous polynomial of order p in €, n, € can be 
expressed uniquely im the form 


CR @ aah 


For let X, = €, X, = 7, X, = — £ — n, and r = 3 im the 
above theorem. 


Corollary 11.—Further, if as is possible, A >3p, ws Fp, 
vy 2p we obtain what is known as Jordan’s lemma. 


Similar methods apply ! to four quantities €, y, ¢, w, whose 
sum is zero. Any p-ic in &, y, ¢, w can be expressed (not 
necessarily uniquely) ag 

Pew aC Baar § 


where A+ pwtv+p=2p+3. For five variables 2p-+ 3 
changes into 2p + 4, and so on. 


EXAMPLE 
Prove the identity 
3 (be) (ca) (ab) ax? be? ca? = (be)? aq? + (ca)*b2* + (ab)? cx*. 


1 Loc. cit. 


CHAPTER XIX 


GEOMETRICAL INTERPRETATIONS OF ALGEBRAIC FORMS 


1. Homogeneity and Correspondence. 


In Chapters I and V allusions have been made to Cartesian 
and homogeneous co-ordinates. We now seek a closer connexion 
between the geometry and the algebra. The straight line, with 
its totality of points, illustrates the binary theory—a finite set 
of n points picturing the binary 2-ic-—while the points of a plane 
illustrate ternary forms, the points of threefold space, quaternary 
forms, and so on. Moreover it is worth while pondering for a 
moment on two relevant ideas which help to make the general 
setting of the theory a little clearer. One is the idea of homo- 
geneity, and the other is that of correspondence. 


(1) The practice of centuries in algebra has made it abundantly 
clear that the homogeneous polynomial, or form, is much easier 
to handle than the non-homogeneous. And although in ordinary 
Cartesian geometry a start 1s usually made with the non-homo- 
geneous expressions, as in the general equation of the second 
degree for a conic, in the natural, but inflated, hope that such 
a course 1s more comprehensive and general, very soon we return 
to the homogeneous once more, either by paying attention to 
the terms of highest degree 


ax + 2hay + by?, 


or by introducing a third variable z, and considering what is 
in effect the ternary quadratic form 


S= aa®*+ by? + c2*-+ Afyz + 22x + Bhay 
= (a,b, Oof;-9, BO By Yee) 
A return to Cartesian co-ordinates can then be made at any 


moment merely by putting z= 1. 
280 
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Likewise the general polynomial F of order » in n — 1 vari- 
ables can be written 


es Uhee Wee ach Us, 


where each term U is a homogeneous form in the variables, of 
order indicated by the suffix. So if ¢ is a new variable, this form 
is made homogeneous in n variables by writing 


Uy a ee U. 


taking F as the special case of this, when ¢ = 1. So in discussing 
the n-ary form—the polynomial homogeneous in n variables— 
we are including the apparently more general non-homogeneous 
form. 

It is only when U,+ U,+...+ U, is an endless series 
that homogeneity breaks down; and it is just here that we step 
over the clear border line between algebra and analysis. Algebra 
is, In fact, the study of the finite, wherein it is totally different 
from elementary arithmetic on the one hand and analysis on the 
other. Thus at once we begin to express ourselves algebraically 
when we write x, a single finite symbol for the endless choice 
of positive integers which form the ambitious subject matter 
of elementary arithmetic. 

It should, however, be remarked that, in analysis, homogeneity 
can be retained; but only at the expense of another algebraic 
feature—the polynomial. For example, the series 


y Any a 


is homogeneous in two variables «, y; and each term is rational, 
but not integral. 


(2) Correspondence-—This is perhaps only another name for 
the same idea. Just as x is one symbol for a numerous class 
of things, so an algebraic matrix, form, equation, or syzygy is 
one symbol for many phenomena in quite divergent fields of 
thought. A very simple familiar example of this is given by the 
two geometrical figures on the following page, one with points 
in line, the other with coplanar lines through a common point. 
As objects to be gazed upon what could be more different? 
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Yet they contain the same idea; and algebraically they are 
implied by the same symbols. 

In short it may be said that there is not merely one but a 
definite system of geometrical and even physical phenomena 


associated with each algebraic statement, and no hard and fast 
rule holds for the geometrical interpretation of the algebra. 


2. Principle of Duality. 


The above two figures, of points in line, and lines through a 
point, illustrate in geometry what is called the principle of duality 
or reciprocation. This principle immediately fits in with the duality 
already seen in the alsebra—in the rows and columns of a matrix, 
in the theory of reciprocal matrices and determinants, and briefly 
in all that is comprised in the terms cogredience and contra- 
gredience. It amounts to this: that just as the algebra attaimed 
greater richness and completeness by the use of two sorts of 
variables x and wu, contragredient to one another in a field of order 
n, so also geometry in any number of dimensions (say n — 1 
dimensions as equivalent to a field of order n), becomes more 
intelligible by the use of two sorts of elements—points and primes. 
A prime is a space of (n — 2) dimensions relative to the field of 
order n. Prime is a useful word because it covers various cases: 
thus a prime is a line in a plane field (when n = 3); it is a plane 
in threefold space (when n = 4); and so on. Then it is found that 
every geometrical property of points in the field can be matched 
by a corresponding property of primes; and such are called dual 
or reciprocal properties. At present it 1s enough to notice that 
there are two kinds of reciprocal properties, the one arising from 
the very fundamental texture of space and the second arising 
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from a ground form I’, now interpreted as a geometrical locus, 
such as a conic, for which pole and polar elements exist. 

To illustrate these remarks consider the ternary case. A 
triangle ABC may be thought of as a set of three points A, B, C 
or a set of three lines BC, CA, AB. In this we have an example 
of the first kind of duality. As further instances of such properties 
we can set, side by side, the facts: 


Two sides a, b of the triangle ABC Two points A, B of the triangle abc 
pass through one point C. le on one line c. 


But we obtain similar dual results by taking a conic [’ in 
the plane of a triangle ABC and forming the polars of the points 
A, B,C with regard to the conic. This usually gives a new triangle, 
say a’b’c’, where a’ is polar of A, b’ of B, and c’ of C. It is now 
quite easy to write down dual properties, the one holding for 
the triangle ABC, and the other for a’b’c’. 


EXAMPLES 


1. The binary form (dp, ay,..., dp § 1, %)? equated to zero, represents 
points on a line, points which may be real, coincident or complex. Each 
root for 2, ; , gives one such point P, and 2, : x, may be interpreted as a 
ratio determining the position of P relative to two fixed base points B,, 
B, of the line, in the familiar elementary way. 


2. Non-homogeneously, if x, = 2%, x, = 1, we interpret this binary 
p-ic by the use of a Cartesian co-ordinate 2, relative to a given origin O 
on the line. 

8. Four binary linear forms az, bz, Cx, dy have an absolute invariant 

(ad) (cb) 
This is called the cross ratio or anharmonic ratio of the four forms. By 
interchanging a, 0, c, d in all 24 ways, derive six cross ratios. 

1 if 1 k 
Ans. “k,l — kh, =, ih So es 
a Pe. esl 
These follow by using the identity (bc) (ad) + (ca) (bd) + (ab) (cd) = 0. 
4. Prove {abcd} = !cdab} = {dcba} = { bade} 


5. Prove that the operations of deriving the remaining five from any 
~ one of the above six cross ratios form a group. 


6. Prove that { abcd } denotes the geometrical cross ratio of four points 
in a line. Here az = 0 gives the point (a, — a), in homogeneous co- 
ordinates. 

’, Examine the special cases when (i) k= 0,1, ©; (ii) k= — 1, 2 or}. 

[(i) Two points coincide. (ii) The range is harmonic. 
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8. If the roots of the quadratics az? = 0, by? = 0 denote two pairs of 
points, prove that they separate each other harmonically if (ab)? = 0. 

Non-symbolically if ab, + dgby — 2a,6, = 0, then aja? + 2a,% + a, 
and b)a? + 2b,x + 6, determine harmonic pairs of points. 


9. The Jacobian (ab)ax bx = 0 determines two points K, L which are a 
harmonic pair, simultaneously for the pairs P, Q and R,S, given respectively 
by ax? = 0, bx? = Os 


10. If (bc) (ca) (ab) = 0 (84, p. 218) the quadratics az?, bz?, cz? are each 
harmonic to a common quadratic jx”. 


11. All quadratics of a pencil Af + 2’f’ have a common harmonic 


quadratic. 
Ans. The Jacobian (f, f’). 


3. Further Binary Results.! 


A second interpretation of binary forms dual to Example 1 
above is to treat the variables x, x, as ordinary Cartesian 
co-ordinates and the binary n-ic as representing ” straight lines 
through the origin. In this case two quadratics represent two 
pairs of lines through a fixed point, and the vanishing of their 
simultaneous invariant now gives the necessary and sufficient 
condition for these pairs to form a harmonic pencil. 


EXAMPLE 


Prove that such pairs of lines meet any arbitrary line, which does not 
contain the fixed point O, in a harmonic range. 


A third interpretation of binary forms is to treat the n-ic 
as representative of m points on a rational plane curve, by taking 
the variable x,: 7, as the parameter of a point of the curve. 
For example, if (X, Y) are Cartesian co-ordinates, then the 
relations 

Reg ae ne 


determine the conic X = Y?, and a binary n-ic in 2, %, equated 
to zero, gives n points on the conic. If ternary homogeneous 
co-ordinates X, Y, Z are used, the conic XZ=— Y? has the 
parametric equations 


DY OZ 22 0 inl 
It can be proved that projective properties of points on the 
conic correspond to binary invariants and covariants. 


1 For further treatment, the reader should consult Grace and Young, Algebra 
of Invariants, Chap. X. 
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A fourth interpretation of binary forms is the dual of the 
third. The n-ic represents n tangents to a rational curve. Thus 
if UX + VY =1 is the equation of a line in Cartesian co- 
ordinates, U, V are called line- or tangential co-ordinates. Then 
if 


' ‘ — PAO pee 2 
VE Vee toes 


the line touches a conic whose tangential equation is U = V2, 
and whose point equation is Y? + 4X = 0. Similarly for homo- 
geneous line co-ordinates. 


EXAMPLES 
is Ie tg IF ey 
00,7 Dhaba," 1a," 4 Qhin, ty + b't52 2 aa? + 2h’ a, a + b'm,*, 
show that a ternary linear transformation X, Y, Z—>» X’, Y’, Z’ in general 
existsusuch: phate se) Ga ZG, aye on. 
Show that both points (X, Y, Z) and (X’, Y’, Z’) lie on conics, for all 
values of 21, 2». 


2. If X: Y:Z = ag”: by”: cx”, then (X, Y, Z) lies on a plane curve 
of order n, which is rational. 


[The lme UX + VY + WZ = 0 cuts the curve in » points. Rational, 
because this parametric form is rational. ] 


A fifth mterpretation is to consider the n roots of a binary 
n-ic to be points in the Gauss plane. This method has the advan- 
tage of giving a real geometrical figure for complex binary forms. 


Lastly a sixth interpretation, and probably the most profound, 
is by means of the norm curve in space of n dimensions of which 
the plane conic (1) illustrates the quadratic case. By this is 
meant; taking 


where (n-+ 1) co-ordinates X,, Xs, ..., X,+, are called the 
homogeneous co-ordinates of a point in n-fold space. We gain 
a hint of its possibilities by noticing that, if n= 3, a point 
(X,, Xo, Xq. X,) of ordinary three-fold space lies on a curve 
which meets an arbitrary plane 


A,X, + A,X,+ AsX,+ A,X,= 0 


in three points, if its co-ordinates satisfy (2). For the ratio 
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2: then can only take three values, which are the roots of 
a binary cubic 


2 ae: See 
A, %,3 + Aga? %_ + Agt,%? + Ayr? = 0. 


Such a curve is called a twisted cubic. If we think of this norm 
curve as fixed in space, then each binary cubic is associated with 
a plane in space. 

For example, if a binary cubic has a repeated factor its plane 
touches the cubic curve; if it is a perfect cube, its plane osculates 
the curve. 


4. Connexion of Binary with Higher Fields. 


If, for ternary forms, y and z are two distinct points 
{Yr Yor Ys}> {2 2» Zh, then {84% + €o%, E1Y2 + So2, 
E,Y3 + €2,' are the co-ordinates of any point X in the line yz. 
Further, if wu, = 0 is the equation of an arbitrary line, then the 
point P lies on it if 


Uy (E141 + S221) + Ue (1 Ye + £220) + Us ('1¥3 + £223) = 0, (3) 
which can be written shortly as 
Uy =U, &, + U,&= 0. Bi pe tne anCe 


Similarly if a,” = 0 denotes a curve of order p, the line yz cuts 
it at pots X, for which €,, € are given by the binary p-ic 


a,” = (a, gy + a, Ear = 0, 


1.€. ay gy” re Popa a, Cire oe Eo ai ay 2” = 0. 


It is essential to notice that formule (4) and (5) are precisely 
the same if we start with two points y, z in space of any dimension; 
for the extra terms in (3) are implied by the inner products 
U,, d,, &e., of (4) and (5). 

The theory of tangents and polars of conics, quadrics, and 
loci of higher orders can be readily deduced from (5) by the 


ordinary elementary methods. 


(5) 


EXAMPLES 


1. The equation of the tangent to a conic az? = 0 at the point y on the 
curve 18 dy dy = 0. 
[Put p = 2, ay? = 0 in (5), and make the two roots for &, : 2 equal. 


2. The polar of y is aya, = 0. 
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_ 8. The tangent prime at the point y to the quadric ag? = 0 in general 
18 Ay@y = 0. This equation also gives the polar of y. 


4. If a,az= 0 the points y, z are conjugate. Prove that the line yz 
cuts the conic (or quadric) in two points harmonically separating y, 2. 


5. The line yz touches az2=0 if ay? 6.2 — ay az by bz vanishes, this 
being the discriminant for equal roots €,:&. The symbols a, b are 
equivalent. 


This reduces to (ab| yz)? = 0. 

6. In ternary forms if w= yz, then uw, = (xyz); and uw, = 0 or 
(xyz) = 0 is the equation of the line yz. Prove that this line u touches the 
conic {= An” = by? => 0, if (abu)? = 0. 


3 
7. Tif=x ae 3 Qi; = aji, then 
1, j= 
‘ Why Dine Wis 
Uy, Ay Ayg Ag 
(iby Sls) (bly Ways 
Uz M31 gq Ogg 
8. Write out the dual statement of this §4 and these examples. In 
particular, if two lines u, v are conjugate for the conic (abu)? = wu? = 
then uv. = 0. 


= — F(abu)?. 


5. The Clebsch Transference Principle. Extensionals. 

We have met with the elegant theory of extensionals 
(Corollary III, p. 49) wherein a general property of n-rowed 
determinants leads to analogous properties of determinants of 
higher order. This conception influences the symbolic invariant 
theory, particularly in exhibiting the actual working of projection 
from one space to another. As a rule the methods of algebraic 
and pure geometry are alien to each other, only having some- 
thing in common at the beginning and end of a chain of reasoning. 
But here they are in close touch, and furnish one of the beautiful 
harmonies of mathematics. The principle is due to Clebsch. 

An illustration leading to this principle is given by the work 
of the preceding section. In fact we can look on the expression 
dy = a, €, + a,€, used in (5), as a symbolic binary form in 
variables &,, €, if we treat a,, a, as binary symbols A,, A» by 
taking 

A,=a,, A,=a,, sothat Ag=ay. . . (6) 


‘Thus in Ex. 5 above, the original quadric in X is now 4;?; 
and if equivalent symbols B are used, the condition for the 
line yz to touch the quadric now reads as 


4(AB)? = $ (a,b, — a,b,)? = $(ab| yz)? = 0. . (7) 


288 GEOMETRICAL INTERPRETATIONS [CHaP. 


This shows that from a certain binary invariant (usually 
symbolized by (ab)? and here by (AB)?) we deduce a concomitant 
involving an arbitrary line yz in higher dimensions, such that 
the points common to a quadric and the line coincide if the 
binary invariant vanishes. 

By the principle of duality we can also write 


+(AB)? = t(abw...w)? 


in terms of (n — 2) primes w,v,..., 3; which suffice to determine 
the same line yz. 

This instance easily leads to the Clebsch transference principle, 
which is: 


= \ 
bf Lay MOD) ea 
is the symbolic form of an invariant of binary ground forms a,?, 
by, ..., then the corresponding expression 


F AGB) 2y), es 


where each bracket factor has been replaced by a second compound 
always containing the same x, y, has the same geometrical significance 
for the points common to loci a,? = 0, b,! = 0,... , and an arbitrary 
line xy wm (n — 1)-fold space, that the invariant I has for points 
on the line allustrating a binary field. 


Proof.— 

With the notation of the last section, if the geometrical 
property of the p+q-+... points on a line is given by 
f | (ab), ...\ = 0, then that of the corresponding points on the 
line zy is given by f { (AB), ...} =0. 

But (AB) = a,b, — a,by = (ab| vy). . . . (8) 
Hence of OQ! 2) eines eas 


which proves the theorem. 


Covariants.—More generally a binary covariant involving 
a variable x 1s transferred by this principle simply by altering 
bracket factors, as in (7), and leaving inner products unchanged. 
This procedure is implied in conditions (6) above. 

For example, the binary covariant equation 


(ab) Uy by a 0 
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gives the point pair at once harmonic to a,2 and b,2. Hence on 
a line xy, the corresponding points are given by 
(AB) Az B;= 0, 
or (ab | xy)a,b, = 0, 
or (abu e..t)\d,.b, = 90, 


replacing X by «, provided « denotes the variable point on the 
Ime w...¢ cut by the loci a,?, b,?.. This concomitant of course 
also has a significance for points x in space, which are not on 
the line; but im that case it has no direct binary relation. 


Transference in General. 


An invariant property of a lower can always be transferred to 
a higher field by this extension of symbolic bracket factors. 

For we merely have to replace a bracket factor (a,d....4@,) 
of a field of order r(< n) by an 7th compound 


COC aati EE ae 
or its equivalent outer product 
(G,d_..- 0; Uy Us... Uy»), 


and interpret the result in a field of order ». The reader will 
have no difficulty in supplying a formal proof by the methods 
of §4 (cf. p. 184, (8)), by starting with + distinct points 
Din ig Ge, andr parameters €7, «. ..0,€,, in place “of ‘the 
previous &, &5. 

EXAMPLES 


1. The ternary condition (abu)azby = 0 gives the points x on a line 
u which are conjugates with regard to two conics dy”, by. 


2. If (ab| xy)axby = (abuv)axby = (abp)azby vanishes, the points x on 
the line p are conjugates for each of two quadric surfaces ay”, bz”. 


8. If (bcu) (cau) (abu) = 0, a certain trio of. conics is cut in involution 
by the line uw. (S4, p. 218.) 


4. Interpret (bcp) (cap) (abp) = 0 for a line p in threefold space. 


5. The envelope of a line which cuts two conics harmonically is a conic. 
[For (abu)? = 0 is quadratic in the line co-ordinates w,, WU, U3. 


6. The totality of lines which cut two quadric surfaces harmonically is 
the Battaglini quadratic complex (abp)? = 0. 
We write (abp)? = (abuv)? = (ab| ay)? where x, y are two points on 
(p 884) 20 
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the line p, and wu, v two planes through the line. If y is fixed, x describes 
a quadric surface. Dually, if v is fixed, the plane u envelops a quadric 
surface. 


6. Projective Properties. 


The Clebsch principle gives an instantaneous proof that the 
vanishing of an invariant of ground form is indeed the algebraic 
interpretation of a projective property (§2, p. 271). For sim- 
plicity let us consider projection, in three dimensions, of a figure 
in a plane w to a plane v from a vertex 0. 

Then we call the point x of plane w the projection of x in 
the plane v, if points z, w’, 6 are in line. It is essential that wu 
and v should be distinct planes, neither passing through the 
point @. 

Now consider a quaternary invariant of any number of points 
C0, 4.9.4. oe Let ie be 


f{ (yet), (aye), ..-}. 


If all the points except @ are in the plane w, then (xyzt) vanishes 
identically, because every four coplanar points are linearly related. 
Hence the function is entirely composed of factors, each including 
6, which we now write f{(xyz6), ...}. 

But for any other point «’ in the line 6x we can take 


== oH AG 
(A scalar). Hence, if also y’ = y+ pO, 2’ = z+ v6, then 
(x' y'2'0) = (@ + AO. y+ wO.z+ vO .0) = (ayz6), 


since all other terms involve two or more 6’s in the expansion of 
the bracket factor, and consequently vanish. Thus 


f{(xye),...} = f{(a'y'28),... } 


showing that actual projection maintains the invariant property. 


Further, if we suppress @ in each factor, the invariant 
f{ (xyz), ... } now exhibits a ternary property of points in the 
plane u. It follows that every ternary invariant equated to zero 
specifies a projective property. Such an argument is general, 
true for all dimensions, for any number of successive projections; 
and indeed can be extended to include symbols as well as points 
among the bracket factors. 
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7. First Geometrical Interpretation of Linear Transformation. 
Collineation. 


Let M be the non-singular square matrix of n rows, and x 
a single-column matrix representing a point P in (n — 1)-fold 
space. Then the product Wz is alsoa single column, which denotes 
a point @. We write 


M=[e;)\, | M|=|e,;| +9, Ue {2;}, é= {és 
Meese OM rse =a. 


We use homogeneous co-ordinates, so that, if p+ 0, 
{p2,,..., px,| represents the same point P. If a is given, 
a unique set € is found, and if € is given, x also is unique. 


Also since oMn= Mox 


when p is scalar, the point P given by the set {pa,,..., px,} 
in this way is connected with the point Q, {p&,..., p&,t by 
what is called a one-one correspondence. Given either point 
P, Q the other is completely determined. 

Again if the matrix M is replaced by any other, except a 
mere multiple pM of itself, a new point Q is derived from the 
same point P. So the correspondence between P and Q is 
specified by the matrix. 

Geometrically, when a one-one correspondence connects points 
P of a given field with points @ of a second given field (which may 
coincide with the field of P, as in the present case), the correspon- 
dence is called a collineation. Thus: 


For a given frame of reference a non-singular matrix M of 
order n determines a collineation for points of the field. 


Or again, 


A linear transformation x — € determines a_ collineation 
between points P(x) and points Q(E). 


EXAMPLES 
1. The equations 
G1 = ay + My + M3, 
Ey = Lay 525 Noes, | Cragng | == 0, 
Eg = Igy + Mg%y + Ng, 


determine a collineation between the point P(x,, 2%, 23) and the point 
W(E,, €, &3) of a plane. 
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2. If P lies on a given line, Q also lies on a given line. 
3. If P describes a curve of order », so does Q. 


4, In ordinary space, if P lies on a given line, so does @; if P lies on a 
given plane, so does Q. 


5. Generalize this set of results. 


6. If P,P,P3P, are four points in line, the cross ratio {P,; P,P, P,} is 
the same as that of the corresponding points (Q, Q2Q3Q4}- 
%. An involution on a straight line (§4, p. 218) is a symmetrical col- 


lineation. Thus if, on a line A, P corresponds to Q then when P is situated 
at Q, Q becomes P. 


8. The general definition of involution in space is symmetry of col- 
lineation. Prove that the necessary and sufficient condition for an 
involution is M?%= el, where oe is any non-zero scalar. 


[M-1=oM. 
8. Latent Points of a Transformation. 


For certain positions of P{2,, %,..., ”,}, the corresponding 
points P and @ will coincide. These are called latent points. 

In general there will be distinct latent points; for if P and 
@ coincide, we have for some value A, 


Cre Uy, en Le ot Ar Cp Uy A oh ae ee are ater) 


a) ae 1) 


Written in full this gives n lmear equations from which, by 
eliminating 7, %, ..., %,, we have the so-called characteristic 
equation (p. 98) of the matrix: 


€4—A eo ee 
£005) Pike aie te eee ecto) 
Ca Cpa me ca,| 
In the case when there are n distinct roots A,, Ay, ..., A,, of 


this equation, which is a binary n-ic in A, we determine one set 
of values x by solving (n — 1) of the equations (9) for each value 
X; of A. Thus we should have z”) given by a row of first minors 
of the determinant f(A,), and the n sets 2” so found will be 
distinct. For if not, let pa = ox!), Then substituting 2 and 
ze”) in turn in (9) and subtracting, 


which is contrary to the hypothesis. 
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The particular simplex (p. 86) whose n primes are given by 
the n equations #;=0 is called the frame of reference. If 
n= 3, it is the familiar triangle of reference; if n= 4, the 
tetrahedron of reference; and so on. 


Example.— 


A collineation referred to its latent points as frame of reference takes 
he mMOnmyan waco Bh Con Gr Nyce 


9. Second Geometrical Interpretation of Linear Transformation. 
Change of Frame of Reference. 


Instead of maintaining a fixed frame of reference and inter- 
preting a linear transformation as a collineation, we may consider 
that the geometrical figure is fixed, but a change is made in the 
frame of reference, exactly as was done in Ex. 1, p. 151. 
Again it will be found that this illustrates the same algebra. 

The three homogeneous point co-ordinates x, of that example 
are replaced by n such co-ordinates; and the three line co- 
ordinates u,;, by n prime co-ordinates wu; Then u,—=0 is the 
point equation of the prime wu (or dually is the prime, or tan- 
gential, equation of the point zx). Accordingly, we interpret 
contragredient linear transformations «—> 2’, w—> uw’, for 
which wu, = u’,, aS giving the same point x and the same 
prime wu referred to a new frame. 

Let the poimt P referred to one simplex have co-ordinates 


Dy i iaie Hy |, and to another have co-ordinates 
/ / , / 
Fy Sarita Eka 5 I 
Also let 


On Cee ee Cyt P= Nh Deets, (11) 


where the matrix C = [e,,] has rank n, so that | C| + 0, then 
the m primes given by x,= 0 have, for equations in terms of 


/ 
Ly | Ly > 
, Ces 
Cle et Ca iy 


These will be the equations of the primes of the simplex of refer- 
ence for x in terms of x’. And if we solve equations (11) for 7’ we 
likewise obtain the primes of the second simplex referred to the 
first. 

It is well to have these two distinct interpretations of a lmear 
transformation, for both have their value. 
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10. Reciprocation and Correlation. 


It has been remarked (§2, p. 283) that there is a second type 
of duality besides the reciprocity generated by the texture of 
space itself. In the second, a certain geometrical locus or manifold 
or ground form I’ is required which gives rise to the reciprocity. 
Let us confine our investigation to the case when I’ is given 
algebraically by a matrix of a bilinear form ®; and for shortness 
let it be a ternary form, as typical of the general case. 


We consider 
M1, Wg Ng 
D= | Gy, Ag Mog | = [a;;] eaten (oe) 


Ue Ey eS 


D = Ay Vy Yq + QF Yo + 3% Y3 | 
++ Ay Lo Yy + Ag Vo Yq + An3 Lo Ys ( 
+ As L3Y4 + Agq V3 Yq + Ag3 V3 Y3 | ; 


= 2a; ;0;Y;= a,b, 


tg 


where @;; = a,b;, symbolically. 
Let x, y denote two points of which y is fixed. Then ® = 0 
gives the equation of a straight line, since it is linear in zg. This 
is called the polar line of the poimt y with regard to ®, and 
correlatively y is called the pole of this line. Thus if w, = 0 is 
the polar of y for this bilinear form, then on comparing coefficients 
we may take 
Uy S191 1 M1292 7 Cres 


Ug = A141 1 F242 U3 Ys i ba eG) 


Uz = 43141 1 43242 1 %33Y3 


Further, if the determinant | @;,| +: 0, we have by solving 
these equations, 
y= Bu, + a2 uy + a3 Uy 
Yo = Guy a*u,+ au +, . . (15) 


— ql38 23 33 
Y3 = au, + au, + aus 


where a’! is the typical element of the reciprocal | a’ | of the 
determinant | a Thus 


qi qt ql 


Dots) atti a, a8? ease ann 
pls ieaccumns 


iil: 
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The lnearity of these conditions (14), (15) shows that a one- 
to-one correspondence exists between pole and polar for the 
ground form I’. Every point of the plane has its polar, and every 
polar has its pole. 


11. Correlation. 


An interesting algebraic feature has presented itself in the 
system of equations (14), (15), connecting contragredient variables 
y and u, for hitherto we have only dealt with cogredient trans- 
formations. So we make the following definitions. 


Definition of Correlation and Collineation.—A linear trans- 
formation connecting contragredient variables is a correlation, one 
connecting cogredient variables 1s a collineation. 

Transformations ~— u, w— « are correlations, while 
x—> x’, u—vw' are collineations. We classify correlations as 
symmetrical, skew symmetrical, and general. 


EXAMPLES 


1. If [ is a symmetrical correlation, then its matrix furnishes the 
coefficients of a quadric, Lajjxj2j,ai; = aj;. The correlation x — wu is now 
one aspect of polar reciprocation with regard to the quadric: it replaces 
a point x by its polar. 

The inverse correlation w—» 2 replaces a polar by its pole. 

2. lf I is skew symmetrical, then ajj = —aji. Symbolically 
dx by = — dy be = 4(ab| ay). 

Prove that every point lies on its polar. What is the inverse property? 

When pole and polar are so incident the correlation is called a Null 
System. 


8. A quaternary linear complex (abr) = Laijpi; generates a Null 
System. For if the line p= zy belongs to the complex then Lajjp;j = 0. 
If y is fixed, 2 describes a plane whose equation is (ab| zy) = 0. This is 
called the polar plane, and clearly y lies on it. 


4. What is the dual of Ex. 3? 
5. Can this be generalized? 


6. Show that a Null System breaks down in space of even dimensions. 
[If m is odd, the skew symmetric matrix I’ is singular. 


12. Canonical Form of a Matrix. 


A very interesting application of the twofold geometrical 
interpretation of a linear transformation is provided by the 
following theorem. 
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A matrix M all of whose latent roots 4, A», ... , A, are distinct 
from each other and from zero can be expressed as a product ALA~', 
where A is non-singular and L is a diagonal matriz consisting 
Of, Nyy gee A 
Proof.— 

For let M tae the collineation changing a point « to €, 
so that = ME. Since M has n distinct latent roots it has a 
simplex of » latent points. Let the change of frame from the 
original to this new simplex be given by «= Ay and = Az, 
so that the cogredient sets x, € are now replaced by y, 7 

Hence y — 7 is the collineation referred to its latent poimts 
as frame. This changes y, to Ay71, Yo to Aso, ---5 Yn tO ArT 
(Example of §8, p. 293), so that y= Lm where L is ie diagonal 
matrix Of Aye, Ser oye 

But by elimination of 7, y we have 


Mé=7—Ay=Aln—ALA~< 
true for every point €. Hence M = ALA™t. 


n° 


The corresponding theorem? when latent roots are zero or 
coincident is true, provided ZL is suitably modified. 


EXAMPLES 


1. By expanding the equation MA = AL in the above, for the case of 
three-rowed square matrices, verify that ,, A2, As are latent roots of the 
matrix MM, and that there are nine linear equations, from which the 
elements of MW can actually be determined. 


2. Prove the Cayley Hamilton theorem by using the canonical form 
of a matrix. 


1 Cullis, Matrices and Determinoids (Cambridge, 1926), ITI, p. 342. Dickson, 
Modern Algebraic Theories (Chicago, 1926), Chap. V. Bécher, Higher Algebra 
(New York, 1919), Cha . XX. 


CHAPTER XxX 
THE GENERAL QUADRIC 


1. Complete System of the General Quadric. 
Let eee Oy are Oh en tn 


be the symbolic form of the eas F = Xa,;%;2; homogeneous 
in” Variables a, %,..., %,, (v = 2), where a, 6, ..., mare n 
equivalent symbols, defined by identity 


Ajj = Oj, == 4,0, = bb, =¢,¢,= ...= mm; 


true for all values of 7 and 7 from 1 to n inclusive. 
We can prove that the symbolic expressions 


1 peo, A= oie ye iige= (abe |ae)s, 
TN (Le ee A fs) R= (ab. .ln)?, 


all of which are concomitants of the quadric, form a complete wre- 
ducible system for a single quadric f = A, = a? and any number 
of linear ground forms. In other words, every polynomial con- 
comitant of one quadric and any number of variables x, y,z,..., 


u, V, W, ... 18 expressible as a polynomial in u,, A,, A,,..., A, 
and of polars of these forms. 
Proof.— 

Let each variable x, y, ... be resolved into (n — 1) cogredient 


variables of type u, so that any concomitant is now symbolized 
by a polynomial in outer products only, such as 


(A,U,,_,) = (abe... ww...). 


Here there are 7 equivalent quadric symbols convolved, together 
with » — r variables u, v, . 
297 
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Now let a single-term symbolic product of v factors, involved 
in a concomitant, be 


P= (A,U,_»,) (BryVn—n) +» (Ar,Wa—ry)s 


N—?; 


where the suffixes 7, 73, ..., 7, are arranged in descending order. 
Somewhere in the product beyond the first factor will be found 
the r, duplicate symbols of A,,.. Hither they are all in the second 
factor or not. If they are, then 7, = 7, since 7, cannot exceed 7, 
and the first two factors of P are 


a di (4,011) (aaViee): 


an actual polarized form of A, or A,, itself. Then P is said to 
be reducible; we remove this factor and deal with the residual 
lower degree factor. 

But if B,, does not contain all the 7, duplicates of A, we 
transform P oF the process of §8, p.193, and convolve 4,, a second 
time in this second factor at the expense of other aber and 
variables originally within the factor. Thus 


12 = ay N( A, Ul) (423. ae. . 


where A is numerical, and B; V/ is part of the original contents 
of this factor. If 7—=0, again a factor A,’ emerges. If 1 >0 
we place this second factor first, with its increased currency 
7, -+ 7 of equivalent symbols, and proceed as before. 

Since 7 cannot exceed n — 7,, the process of so raising the 
currency is finite, and P is thereby expressed as reducible terms 
containing factors A,, r= 0, 1,...,”. This proves the theorem. 


Corollary I—A single quadric has only one invariant—its 
discriminant. 


Corollary Il.— The complete system for the dual form 
a= Me a Learns 


Uy, Lu, (a8 | uv)®, aPy| uw), ..., By... pm) 


EXAMPLES 


1. The system for a ternary quadratic az? = by? = cz? is ay?, (abu)?, 
(abc)?. What is their geometrical significance ? 


2. A covariant conic exists for a conic and a single point. 


Ans. (ab| xy)? is the covariant, if y is the given point, and x the 
variable. 
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8. A contravariant conic exists for a conic, in tangential co-ordinates, 
and a single line. 


Ans. («8 | wc)? where wu? = wg? is the quadratic and cz the linear form. 
4. If lz = 0 is the line at infinity what does («@ | Jw)? = 0 represent? 
[The line is parallel to an asymptote of the conic. 

5. The bordered determinants (pp. 103- Eg give the non-symbolic form 
of the irreducible concomitants Aj. 

6. The equations of these concomitants Aj are the respective conditions 
that a line xy, plane xyz, ... should touch a quadric. 

[Use the Clebsch transference principle. 

7. If A = 0 the quadric is a cone. 

For if dya¢= 0, bybe = 0,..., meme =O are n equations of rank 
y= n— 1, where (ayz...t)=+- 0, they can be solved for € (§9, p. 195). 
Also, by eliminating €, they give A= 0. Any point § is given linearly by 
nm general points a, y,...,¢: whence aga¢= 0, in particular if 6 = 2 
ae? = 0 so € is on the quadric. Then if 6 is also on the quadric, so again 
is + 20 ($4, p. 286), and therefore a line £0 is on the quadric. This 
identifies € as vertex and 0 as generator of a cone. 

If the rank is n — 2, € lies on a line vertex: when n = 4 the cone is 
now two planes. If the rank is n— 3, € lies on a plane. And so on. 


8. Taking A = 0, r= — 1 and the vertex € as {1, 0, 0,...,0! in 
variables X,, X,,..., Xn, prove that the quadric must be a function of 
AG Seer) XG. only. 


9. If r= n—2, prove that A= A,—1 = 0 identically. Taking the line 
vertex as X, = X, = 0 prove the quadric is a function of X3,..., X, only. 


10. If An—1 = (abe... lu)? = 0 but not identically, then the prime x 
touches the quadric. This A,—1 can also be written wu,?, where 
« = abc...lin the notation of (35), p. 47. 

[Cf. p. 287, §4, Ex. 5, 6, 7. 


2. Self-conjugate Simplex. 

A triangle xyz is self-conjugate for a coplanar conic if & is 
pole of yz, y of zx, and z of wy. 

A tetrahedron is self-conjugate for a quadric surface if x is 
pole of a plane yzt, y is pole of zat, z of xyt, and ¢ of xyz. This 


property can be extended to the general case. 
Let Fk) Renae \ 
Mette dee, 


(1) 


denote the n points and corresponding primes of a self-conjugate 
simplex (p. 86), such that pole and polar are in a vertical column. 
Then we have the relations (cf. Ex. 4, 8, p. 287) 


a2+0, U0, dydy=0, Uata=0 . (2) 
as typical of any of the points and primes of the table. 
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3. Canonical Form of the Quadric. 


We can derive an important theorem from this set of relations 
(2), whereby a general quadric is expressed as the sum of at most 
nm squares of linear forms. 


For consider the identity 
(wow ...q) ag = (avw...q) ug + (uaw -..q)v~e +... + (wow... age. 


By utilizing the self-conjugate property of the simplex (1) we 
write 
&e. 


(aw...q)=a,, (uaw...q)=4,, 


Thus 
(UUW... q) Ae = Ay Ue + Vet -.- + AE, 
which is true for all values of a. By squaring this identity we 
obtain 
(wow... .g)? ag? = a,? ug? + a,2ug-+ ... + age, 

a result of fundamental importance. All the product terms on 
the right have disappeared because of the conjugate properties 
such as @,d,= 0. 

Now regarding x, y,..., é, u,..., g a8 constant, and é as 
variable, we have thus expressed a general quadric 

f(é) = as =2 ij EiE; 
as the sum of n squares 
B= A X74 ANS ee aaa 

where yoo Ay os : 


f(a) fy) fF) (wow...) 


and where X,= ug, X_=vg,...,X,= |e 


are linear forms in the original variables. 

This is called a normal or canonical form of the quadric. 
It has a very simple matrix of coefficients, consisting of diagonal 
elements A,, A,,..., A, only. In making this reduction we had 
all (n — 1)-fold space, except on the quadric itself for the choice 
of the point #: one less dimension for the choice of y: and so on. 
Algebraically we sum this up by saying that the reduction to 
canonical form is possible in «” ways, where 


N= (n—1)+ (n—2)+...+2+140=4n(n—1). 
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EXAMPLES 
1. Use the dual identity 


(ayz...t)?0g2 = Ug2On? + va? Oy? +... + da2O¢? 
to reduce the tangential form of the general contravariant quadric also 
to the sum of m squares, & ByiU;?. 
2. If U,, U,,..., Un are contragredient to X,, Xo,..., Xn and in fact 
denote the same self-conjugate simplex, then the dual form of F is 
wa ity Oly Oat 
yaaa he ot ie, 


This follows by direct calculation from the bordered determinant of F. 


38. Find canonical forms for all members of the complete system. 


Each member A; is a sum of squares of 7th compound co-ordinates: 
while A= A,A,...An. 


4. If the rank of [a;;] is 7, then A; = 0, k > r but A; does not vanish. 
Prove that the canonical quadric is now the sum of 7 squares. 


4. Theory of Two Quadrics. 


Let of tb, 2 te | 
jah niegilet | 2 (e) 
— J 
be the symbolic forms of two different quadrics 
F=Xa,;2,2, FP =Xr;,;7;2;... ye a) 


in n variables. From these two we derive a new quadric AF + A’F’, 
said to belong to the pencil of quadrics determined by F and F’. 
Geometrically, whatever is common to the quadric manifolds F 
‘and F” is common to each of the cot members of the pencil. For 
example, two conics have four points in common, shared also 
by the members of their pencil, when n = 3; two quadric surfaces 
have a curve in common, when n = 4; and so on. 

Now since the typical coefficient of the quadric AF + A’f’ 
is Aa,,; + ’7;;, the discriminant must be | Aa, + A’r;;|, which on 
expansion is a binary n-ic in A: X’, say 

8)” = AA" + OAM IN +. FOAM TAH. FANN”. (5) 
In ternary forms we generally write this as 

Nay +N Ty, AMZQ+A,  Adyg + A's 
Ney EN, Adan N99, Adigg + A'Tog 
Adgy + A'%s1, AAs + Ag,  Aigg + A'T'3g 


= AM+4 OAZN + O' AA? + AD, eee) 
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Manifestly A and A’ are the discriminants of F and F’ respec- 
tively, while the n — 1 intermediate coefficients ©; are simul- 
taneous invariants derived in succession by repeated application 
to A of the Aronhold operator 


summed for the n(n + 1) effectively distinct coefficient suffixes 
77. It is also clear for geometrical reasons that the ratios 
A:@,:...:A’ are absolute invariants, since the condition that 
the quadric AF + A’F’ should degenerate is independent of 
particular co-ordinate axes. The n roots of the equation in 
A: 2’, obtained by equating (5) to zero, are in fact examples of 
irrational invariants of F and PF’. 

Probably the reader is familiar with these four invariants A, 
©, ©’, A’ of two conics! as they provide interesting properties 
of the usual analytical geometry. A relation involving them 
expresses a geometrical fact about the conics, as, for example, 
that ©? = 4A0’ if a triangle can be inscribed in the conic F” 
which shall circumscribe conic F; or that © vanishes if a triangle 
inscribed in F” is self-conjugate to FP. 


5. Reduction of Two Quadrics to the Form 


| PD CM OD. ENED, CMI PP een Ce 


Let the linear transformation be given by 


zans > { 
A; = €,0, + Hte'+... +,;%,. 


Then we take as our v parameters l,, I, ..., l, (§9, p. 268), 
the following n* + n (= v) quantities: 


Cis Wisisivny Can Mes o> Sohne Oane era eo ee 


in this order. 
The number of parameters in each X; is n, so that F, F’ have 


1 First developed by Salmon. Cf. Salmon’s Conic Sections, Sixth Edition, 
Chap. XVIII. A good elementary account is to be found also in Sommerville’s 
Analytical Conics (G. Bell & Sons, 1924), pp. 265-294. It is strange that recent 
books still omit to mention the crucial fact that these invariants form a com- 
plete system. The present writer remembers the uneasy feeling he had as a 
student when first reading this theory, and wondering why this set of four 
invariants was tacitly assumed to tell the whole story. 
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n(n + 1) parameters between them, if each 4; is independent. 
This fits the number of coefficients in two general quadrics. 
Corresponding to the equations (12), p. 268, there will be v 
conditions which equate functions f,, of the parameters, respec- 
tively to the v coefficients 


y1> Ay2; er isees's Ain> Ag95 Ao3, OR) Anns 


Deh es Le aU alee woe we OD 


NN?d 


in this order, of the quadrics, La,;x;%;, Xb;,2,x; Also we 
can solve the requisite n(n + 1) equations for the parameters, 


provided no functiona! relation %(f ) = 0 exists (§9, p. 268). This 


in turn is non-existent if a determinant aI, of order n(n + 1) 
does not vanish identically. By using the identical trans- 
formation, €,;=7,=...=1, &,=0, &c., this determinant is 
seen to be a non-zero expression, + II(A;— 4)), i-++y: and this 
justifies the canonical form. 

More specifically, if when n= 2 the 2 x 3 parameters are 
the usual €,, 7,, €, n, of X — x, together with A,, Ay, then the 


determinant ais becomes 
ol, 
See “Aas Arye : 
2 erat : Ayé, Ayn 
ices f& N12 - Arb, Aor : 
A, Agne 


» € Ne : 

ok meesig 261 M1" 

&2° 252 Na” 
Tie = = 1, 6, = 7, = 0, A has only one non-zero: element 
in each of col,, col;, row;, row. After expanding by cols,,, rows; ¢, 


& As 


We 224)? 
is quite general. We delete the n last rows and those n of the 


then is left, giving (A, — A,) alone. This method 


last ee 2 columns which intersect the rows at £7, 79, ... 


»7; then n of the first columns and their analogous rows; 
then subtract row, from row, for n pairs of suitable suffixes, 
n+] 

2 


w.2 


getting a single unit matrix in the first ( ) columns. 
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For the difficult case of specialized quadrics, when this deter- 
minant vanishes and this canonical form is not justified, the 
reader should consult a work on Invariant Factors.’ 


EXAMPLES 


1. Two general quadrics have a common self-conjugate simplex. 


2. The canonical coefficients A; are the roots of the characteristic 
equation | Aajj — rij| = 0. 

For the equation is invariantive; hence in the canonical form it is 
[A — Az| = (A— Ay) (A— Ay)... (A— An) = 0. 


8. The symmetric functions 1, 2 A;, 2A; Aj,..., 4;4,...An are the 
n -+- 1 irreducible invariants. 


4. Two quadrics have at least n quadric contravariants. 

The tangential equation of AF + #’=0 in canonical form is 
Us | ! Un? 
(OOS Raat eee 
coefficients are contravariants. 


= 0, leading to a binary (m — 1)-ic for A. The » 


5. The Jacobian of these contravariants is a contravariant of order n, 
which has 7 linear factors if the 1 coefficients A; are distinct. 


[Prove it for n = 2, 3, 4 and then generalize. 
6. This Jacobian denotes the common self-conjugate simplex. 


7. Reciprocate results, 4, 5 and 6. 


6. Complete System of (n + 1) Invariants. 
The n-+ 1 forms A, @,,.. 

system. 

Proof.— 


In fact, let J be a polynomial invariant of the two quadrics. 
Then by the fundamental theorem it can be expressed as & P 
where P is a product of w bracket factors of the type 


.,©, 3, A’ ave a complete wreducible 


(4; R,,_;) = (a Mg++ + AiTy%Q--. Np) O00 (7) 


a= 0,1,2,...,n. Here there are 7 equivalent symbols convolved 
in a matrix A; of currency 7, referring to the first quadric F, 
and n — 7 symbols in the matrix R,,_; for the second quadric F’. 


Let the factors of P be arranged from left to right as far as 


1 Cf. Bromwich, Quadratic Forms (Cambridge Tract, 1906); Jessop, Line 
Complex (Cambridge, 1913); Dickson, Modern Algebraic Theories (Chicago, 
1926), 133; Bocher, Higher Algebra (New York, 1919), Chap. XX. 
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possible in descending order of currency 7. As in §8, p. 193, we 
can convolve the duplicate symbols of the first factor in the 
second factor and then if necessary rearrange factors in descend- 
ing order. Finally, we express a typical product as 


Bees eer CA ee a) (An nN Ag een App at) (Agu ance)(sira)n et (8) 
where WG, 2s ee | Gy = 0; 


met nit: 


and all the symbols of the first quadric are accounted for among 
the A’s. This product P is now said to be prepared for the first 
quadric. The symbols not yet expressed refer entirely to the 
second quadric. If now q,=—n, P contains the invariant 
(4,,)* = (a,a,...4,) as factor, and is reducible. 


Similarly if P contains a factor (b,b,...6,,) composed entirely 
of symbols of F’, it is reducible by convolving the duplicate 
symbols in a second factor, so that the discriminant (b,b,...,,)? 
emerges. This only happens if w > 2y, or if q, = 0. 

Accordingly, we suppose w= 2v, q, > 0, so that the final 
factor must contain symbols of both quadrics. We next consider 
the symbols of the second quadric. Allowing for duplicates in 
the two final factors we write P more fully as 


P=(A,...)...(A,Bi,©,,) (4,2 Ds) Gtbts=n, 


where B, C, D refer to the second quadric, and all the 2s, symbols 
in Cand D entirely differ. If s,= 0, P contains the factor ©, 
and is reducible. So we take s,> 0. 


Now let the possible forms P be examined in the following 
order: 


(i) By ascending weight w. 


(ii) When the weight is the same, in ascending degree in the 
coefficients of the first quadric, and therefore in ascending value 
of & q;. 

21 

(iii) When w= w’, Xq;= X¢q, for two forms P and P’, we 
pxamimee before P" if'g, = 4,5... 06" s Ger > Ving The 
value of 7 is taken in ascending order. 

(D884 ) 21 
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Further than this the order is immaterial. The effect of such 
an order is to render any process a reducing process, which shifts 
a symbol a towards the left out of its own factor. For the resulting 
form (or forms) can then be prepared as in (8), when it will be 
among those already examined. 

Now since s, > 0, we can as before convolve the duplicates 
of the k, + s, symbols B, D in the last factor but one. Reference 
to the fundamental identity, §11, p. 48, shows that this process 
either shifts C, entirely, leaving 


Oras = (An B,., Day 


in place of the two final factors, or else shifts some symbols a 
of A,, to the left. The latter case can only give rise to forms 
already examined. 

This proves that every product P is reducible, with the possible 
exception of A, @,,...,@,_,, A’. In other words, every polynomial 
invariant of two quadrics is expressible as a polynomial in these 
nm -+ 1 invariants. 

Finally these are irreducible, because a relation expressing 
any one @,, say, in terms of the remainder is structurally 
impossible, as is at once seen by examining the degree in both 

sets of coefficients on the left and right of an assumed identity 


@,=ZAA‘O,#... AM, 


This proves the theorem. 


EXAMPLES 


1. Prove that (abrs) (abct) (erst) vanishes identically. 


2. Prove (bcr) (cas) (abt) (rst) = 4 (abc)? (rst)?. 


7. Complete Systems involving Variables. 


The complete system for two quadrics and all possible vari- 
ables &, 7 ,.. +5 79, 7-1 (= u) has not been discovered except 
when n= 2, 3, or 4. But it can be demonstrated that the 
number of covariants involving w alone is n + 1. 

It can be shown that n of the n+ 1 covariants are the n 
coefficients of A,, A, in the binary n-ic obtained by forming the 
dual point quadratic from the tangential form A,X + A,»’, where 
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ao 
give the quadratic covariants f, f’ with n— 2 intermediate 
quadratics, as is well known in the ternary case. The remaining 
covariant is their Jacobian, which represents the common self- 
conjugate simplex of two quadratics. 

Also} if n > 2, a complete system involving any number of 
cogredient variables x, y, z, ... has, besides n+ 1 invariants 
and n+ 1 covariants, the n — 1 functional determinants 


(A;R,,_,) (A; | 7) Cia Tigans) i il 2, see y N— ie 


=x is the bordered determinant (§3, p. 101). These 


A system including one # and any number of contragredients 
u, v,... has also been found.? 

By making n= 2 this system becomes the binary system 
for two quadratics a,”, 7,” already discussed. In this case the 
functional determinant (ar)a,7, coincides with the simultaneous 
covariant, making, in all, six irreducible forms. 

As in the binary case a syzygy connects the square of the 
Jacobian covariant with the remaining 2n-+ 1 invariants and 
covariants.® 


Example.— 
For the ternary case such a completely irreducible system is 
ANG ir (CCW) >a tA a, Vans Ans Mp Cate (OLY), Tata (&2LY)s 


where «, o are each of currency two in symbols of their respective quadrics. 


As for the case where only variables wu, v, w ... occur, mani- 
festly a concomitant is expressible symbolically by outer products 
of type : 

(A; Bj Uz) = (Aq... Oye. Tj) Uy Ug +. Un)s 


where 1+7-+k= 1 and the three matrices of symbols refer 


1 Turnbull and Williamson, Proc. Royal Soc. Edinburgh, 45 (1925), 149-165. 

2 Transactions Cambridge Phil. Soc., 21 (1909), 197-240. 

For n = 3, the ternary case, the system of two quadratics consists of 20 
forms: Gordan, Math. Annalen, 19 (1882), 529. See also Grace and Young, 
Algebra of Invariants (1904), pp. 280-287. This has been proved to be strictly 
irreducible: Van de Waerden, Amsterdam Ak. Versl., 32 (1923), 138-147. For 
three ternary quadratics Ciamberlini found a system of 128 forms, Giorn. di 
mat. (Battaglini), 24 (1886), 141. Of these six are reducible. For four or 
more ternary quadratics see Proc. London Math. Soc., 2, 9 (1910), 81-121. 

For n = 4, the quaternary case of two quadrics, cf. Gordan, Math. Annalen, 
56 (1903), 1-48; Turnbull, Proc. London Math. Soc., 2, 18 (1919), 69-94. This 
system has 123 concomitants. 


3Gilham, Proc. London Math. Soc., 2, 20 (1921). p. 326. 
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to the quadrics F, F’ and the variables respectively. By the 
preceding methods it can be shown that all possible irreducible 
forms are included among the following and their polars: 


Pi = (4, 4,U,)*, 7,3, =O, Lee, Ca 
Q= (A, U) (A; BU’) (RB, ALO”) oc. (4, RO) (BU) 
EE i 8 es Sirelie re Node oe 


Other references to the literature will be found in the Hncyklopidie der 
Mathematischen Wissenschaften, III, 8, 6 (1922), and the earlier Berichte by 
W. F. Meyer. More recently with reference to the cases n = 4, n = 6, cf. Proc. 
London Math. Soc. 2, 25 (1926), 303-327, and Proc. Roy. Soc. Edinburgh, 46 
(1926), 210-222 and 48 (1928), 70-91. 


CHAPTER XXI 


MiIscELLANtEOUS RECENT DEVELOPMENTS 


1. Restricted Transformations. 

Hitherto we have dealt with the projective invariant theory. 
It is possible to extend the same methods, recently developed by 
Weitzenbéck?, to special cases in which the transformations are 
restricted within a subgroup of the general group (§7, p. 161). An 
invariant of a subgroup is a function which satisfies the invariant 
definition for all transformations within the subgroup: and the 
more restricted the group the greater will be the number of 
possible invariants, because they are required to satisfy fewer 
conditions. 


Consider the non-singular coefficient matrices, where 
m=n— 1, 


Gy 6 aa Ais ke es ie 
isa ote aes 
} . Em eee ial 
nL ar oop mn O eee 0 Cnn 
Palate 0 bee aresd hare 
Sled Mid ides Omtess¢ Oe a0 
i pe 22 
My Cra - i+ mm 0 | SER oe | 
Le Re ve price 


pl =. [pd,,], [= [3,;] : 


These are in order, as regards degree of restriction, and each 
generates a group. For the identical transformation 2 = Iz’, 
every function is an invariant: for the scalar transformation 
x= plz’, every homogeneous function is an invariant: for the 


1 Cf. Invariantentheorie, Chap. 1X-XII, 
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diagonal transformation «= Dz’, every gradient (isobaric) 
function is an invariant: for the general case x = Mw’ we have 
the preceding invariant theory. What can be said of the inter- 
mediate orthogonal and affine cases? 

The affine subgroup is given by a matrix M,. Here we deduce 


Lin = Ci Eat CRN oe ae) 


while the other variables x, have general linear transformations. 
Since | My |= | 44. << €nm| San == 0; WE Cam suppose @,,8a, to 
be constants and z,,..., %,,, Cartesian co-ordinates in m-fold 
space. If m= 2 this collineation x— wa’ is seen to leave the 
line at infinity latent; if m= 3, the plane at infinity latent. 
Parallel lines remain parallel after transformation; and these 
facts are true for all values of m(= ” — 1). 

The Fundamental Theorem of symbolic methods for affine 
transformations now runs as follows: 


Every polynomial invariant K of affine transformations for p 
given ground forms f,, f),..., 4, is edentical with a projective 
enwariant of the same ground forms together with a certain linear 
form L= 1, latent in the transformations. 


For example, if y, z, t are three coplanar points, then (yzt), ly, lz, li are 
projective invariants of a line / and the points. The invariant 


is absolute for affine transformations. Also, if we take Jy = a= x, as in 
the preceding work, and we write x3 = y; = 2, = 1 with (y,, y2), (a, 2s); 
(t,, t,) as Cartesian co-ordinates, then }J becomes the area of the triangle 
yet. 

Again the affine theory of a conic rests on the invariants of a quadratic 
Ay” = by? and a linear form ly. 

Thus OC = (abl)? vanishes if for these Cartesian co-ordinates the conic 
is a parabola. Non-symbolically 


Ce O, 
i os O 
Gi il 


2 


C= 


= (4b, — ay by)? = 2 (ayy A22 — ayy). 


2. Preparatory Reductions leading to the Proof of the Funda- 
mental Theorem. 


First we consider the latent linear form z,, and write it sym- 
bolically as : 


L=(l4)=,=—1o+ha+..+hae,,  «« (8) 
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where 


Cs eee set. A) 


This artifice brings the particular form ZL into line with the 
general type of linear form. It follows that 


COG) tere Of ol, Fg alee gs (EO) SEC 5 a's 5 
By 10, d, “0 
5 
CO ee ee meee 2 
ay b, dy, il 


where this last suffix 7 denotes that the determinant has n — 1 
rows numbered 1, 2,..., n— 1. 

Next, we state the enunciation of the theorem in terms of 
possible symbolic types: namely, every polynomial invariant 
K of the affine group M, can be symbolically expressed by 
the factors 


(ab...m), 
(aB fred +b), 


Here a, b,..., a, B,... denote variables or symbols of the 
ground forms, while / denotes the set (0, 0,..., 0, 1). 

Thirdly, if the proof holds for linear forms a,, b,, ..., Ua 
Ug, ... it will hold as before for the general ground form. In fact 
the symbolic methods hitherto used, together with polarization 
and the Aronhold process, still continue to be valid in rendering 
all ground forms multilinear, as these processes have nothing to 
do with the coefficients e;; of the matrix M,, which alone has 
been modified by the affine conditions. 

Fourthly, by expressing each linear form w,, as an (n — 1)th 
compound (ab...d|ay...z)=2X+a,b,...d,, we reduce the 
problem to that of ground forms 


| tis SAE LON eh 


all of one type, whose symbolic invariant types will now be 
(ab...m), (ab...dl) only, in place of (6). Then invariants 
may contain groups of (n— 1) symbols owing to implicit 
convolution of each symbol a. If these symbols a are finally 
restored they will merely add the other types (af... 14), dg, ly 
to the list (cf. §9, p. 207). 


(aa)= ay, (ab...dl)=(ab...d),, (la)=a,. (6) 


a 


qi2 RECENT DEVELOPMENTS [Cuap. 


3. Characteristic Invariant Property. 


Since a, — a’,, as before, the transformation a’ — ais given 
by a’ = M,/a, involving the transposed matrix M,’. Hence 
/ , . 
Oy; = C0, +... enim, t= 1, 2,.--,0—=1 | 


(3) 


/ 
Ay == aa = + ited = Eman Gn = Cnn Byrs (m St 1) J 


Now if K = K(a, b, ...) is a polynomial affine invariant of 
linear forms (7), then the identity 


Ki Kab 5. a) a OG Ka, Oey. ere) 
holds for all values of a;, 6, ..., @ ..., when a’, b’, ...-are 
given by (8). The proof of §2, p. 169 will now apply to 
show that ¢(e;;) can only be a polynomial factor of a power 
of | M,|. But |M@,| has polynomial factors of two kinds only, 


ia ea 2 nmin BNO SA, Where, 184 cenetals deters 
minant in m? arguments and therefore irresoluble. We infer 


b(é;;) = Nat Can. iG ee pare (Cnn) 1 : (10) 


4. Proof of the First Fundamental Theorem. 
This last identity can be written 
NG Cami ba ard Cee ICR Sti (meu ih); 
We have two cases to consider. 


Case (1) K(a, 6, ...) contains no symbol a,, 6,, ... at all 
with suffix n. 


Case (2) K(a, b, ...) contains some symbols with suffix n. 


Case (1). K is now a projective invariant of linear forms such 
as 


r | | 
Oy Ly =P Ag hg ae a Oy 1 Lng 


in the field of order n-- 1. For the transformation (8) a—> a’ 
in this case contains no a,,’, b,’,..., so that K’ is free from the 
argument é,,,. Hence in (11), s=0 and K’—A’_,K. Thus K 
can be symbolized entirely by means of factors of type 


(00,3. d),=— (60 <a) 
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Case (2). Here K(a,’, b,’,...) involves a 
means of the particular anne transformation 


eee ey 
wy = a2 060 (ay sae: 1) | 


ieee ae 


(12) 


we gather that (11) is satisfied only if K is homogeneous in the 
quantities a,, 5,,.... Let us therefore write 


K= Ky9, + Kogn +... + Kangn (eZ) a (13) 


where each K, is free from a,, 5,,...; and each g; is a form of 
order s in the set a,, b,,.... Also let the right side of (13) be 
brought to its lowest terms as a function of a,,..., so that the 
number # cannot be diminished any further. 

Hence, by (1), 


Ky'gy air piss sir Ki on, Bo eae i(e Cri) (i 1 zaptse ae Kngn)- (14) 


If we substitute for each a,’ 
means of 


10. 3~. img; “one the lett= by: 


a | | | 
By = C4y,0 + ConGot.-- + OrnG,, &C., ES) 


nV 19 


then each g;’ is a polynomial of order s in e,,,. Equating the 
coefficient of ¢,,,° on both sides, we obtain the identity 


Ky’'n, Se p= Dat EG oe eo LG, 


whence 
JG cea Se A mer 3) 


As in case (1), each K, is now a projective invariant of the field 
of order n — 1, and thus can be expressed entirely by means 
of factors (ab... d),. 


Now let v be the number of symbols a, b,...,in K, which is 
homogeneous in the n elements a, d,,..., 4, of each such 
set a. Then either v >n or v<n. If the former, we choose 
n symbols a, b,..., mand develop K as a Gordan-Capelli series 
( (22), p. 254) 


K = Ky+ (ab...m)K,+...+ (ab...m)Ky, (A>0). (17) 


Again these forms KK, will be affine invariants, satisfying (11), 
each of which can be dealt with in the same way, if it still contain 
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n symbols a, b,.... Finally we are left to consider the case of 
at most » — 1 symbols in K, so that vy <n— lorv=n—l. 

If v<n—1, no factor (ab... d), is possible, although by 
(16) K, is expressible by such factors. Hence each K, can only 
be a constant c;, and consequently 7 = 0; so that 


K = 69+ 292+ --- + O9In=9s, = + (18) 
where g, is a form of order s in a,, b,, ... alone. 
Also, if v= n — 1, then 
K = (ab .. FO) (69; An GG) = (Od), Ge 


and we can discard the factor (ab... d),,” which is of the desired 
type, and confine ourselves entirely to g,. 


Finally, it can be proved that g, vanishes identically. For 
by (11), we have the identity 


0 = Ca) Ue eR ee) 
But if we take the particular n — 1 sets of values 
Ga ONO eee 2 OL) 
GSO OU O EEO 
d= 0005 0m law: 
then ¢, = 6, =... = 0, so that g,— 0, while; by (15); 
VO Oe eee Cnt ws < oe (20) 
But (19) now shows that g,’ vanishes, so that g,(@in, ++» €,—1, n) 


vanishes, although its arguments are arbitrary. Hence it 
vanishes identically. This completes the proof of the First 
Fundamental Theorem for affine invariants. 


5. Consequences of the Theorem. 


Since the Fundamental Theorem links affine invariants with 
projective invariants, by means of the additional linear form 
L = 1,, 1t follows at once that all the main theorems apply to this 
restricted case: the Second Fundamental Theorem, and the 
theorems of Gordan, Hilbert, Clebsch, and Peano. Further, we 
can imagine, in the preceding proof, that an arbitrary general 
linear transformation 7’) has been applied to the original vari- 
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ables, expressing them in terms of a set &, &,..., €,, and in 
particular that 


T= HE + GoSo+...4 Nas 


Applied to the affine symbolic forms this replaces (ab... d),, 
by a type (ab...dq) and a, by a,, which are no other than the 
types (ab...dl) and a, already utilized. Hence any given 
lmear form may be taken as the latent form of the transformation. 

Of course, if the ~, co-ordinate is selected as latent, we must 
note that certain fundamental identities, not of projective type, 
will arise (cf. Ex. 4, p. 51), such as 


(aBy) x3 = (xBy)az + (axy)B; + (a2) ys 
instead of the usual 


(aBy)l, = (xBy)la + (avy)lg + (a8 x) ly. 
EHxamples.— 


1. Examine the restricted transformation « = M,’x’ where M,’ is the 
transposed matrix of M,, 

It leaves a point u, latent. By reciprocating the above work, its 
concomitants are symbolized by types 


(ab ... m), 


Kec Gy oenant)s das (4%B...8A) = (a8...8)n, a. 


(Wettzenbock.) 
2. The affine group with a fixed point is given by the matrix Mo. 


Prove that a point uw, and a prime lJ, are both latent; and that the 
requisite symbolic invariants of this group are 


(Goin 10)5 a (HD doa GHD. GI 
(cq ea a A) PGE kN Ul? 
together with the absolute invariant /, which is purely numerical. 
(Weitzenbock.) 


6. The Orthogonal Group. 


A similar theorem holds when a quadric is latent. If the 
quadric is 7,2, then the projective theory of v ground forms 
fi---» fr together with r,? isin close touch with the orthogonal 
invariant theory of the v ground forms alone. 

This theorem lies at the base of an algebraic account of 
Euclidean, elliptic, or hyperbolic geometry. For instance, in 
Euclidean geometry, 7,2 for ternary forms is taken to be 
22+ 2», but in the other types it is a general ternary quadratic. 

The theorem also covers Riemannian geometry where the 
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element of arc is given by ds? = Xg,,dx,da, == Gan, a8 far as 
metrical properties of small intervals are concerned. 


If a, b, a, B are ternary symbols, then invariants of 7, are 
composed of types (abc), (aBy), da, 77g, &c. For the Euclidean 
case, if 7,2 = 22+ 2,?, then 77g = 4,8, + 428, = (a|8), which 
accounts for the importance of the inner product of two vectors 
a and B, when co-ordinate axes are rectangular. 

Again the tangential equation u,2—=0 for the quadratic 
r,? + ax,” leads to a simultaneous covariant (ap x)? of two quad- 
ratics. By the Clebsch transference principle this vanishes if 
the pairs of tangents to the two conics u,? = 0, u,? = 0, from 
the point «, form a harmonic pencil. Then if u,?—= 0 gives the 
circular points at infinity, the tangents to the other conic must 
be at right angles. 

Non-symbolically (ap x)? = 0 gives the equation of the director 
circle. 

This theorem also throws light on elementary analytical solid 
geometry, where such formule appear as cos@ = Il’ + mm’ + nn’ 
for the angle between two straight lines whose direction cosines 
are given. For orthogonal transformation this is an invariant; 
in fact it is an inner product of two unit vectors. Likewise the 
volume of the tetrahedron, three of whose edges are unit vectors, 
is 4(I/'l’’), in terms of an outer product. 

It is a commonplace that inner and outer products should 
so arise, but the invariant theory shows that such products 
give a complete mechanism for dealing with the geometrical 
entities. 


7. Fundamental Theorem of Orthogonal Transformation. 


First let us consider this theorem when the latent quadric 
can be written as 


(w| 2) = a+ a?+...+ 2,2 


so that the transformation is orthogonal (§3, p. 152). Further 
let us confine the discussion to the proper orthogonal case, 
by which is meant the case when the determinant A of the 
transformation is unity. If A= —1 the transformation is 
called improperly orthogonal. The proof needs two preliminary 
lemmas. 


P.O. 6 | ORTHOGONAL TRANSFORMATION B17 


Lemma I.—A proper orthogonal transformation exists which 
transforms a gwen wnt vector p into another such vector q. 


Consider the transformation 


2(x| p+) ( 
(p+q|p+49) 


where (p+ q|p+ 9) =X (p+)? +0. Here x? can easily 
J j 
be calculated in terms of p,, q;, v;, leading to the result 


(eee yea |) 


fi 


PiU) — B=, (+= 1, 2,..., n), 


Hence the transformation z—> z’ is orthogonal. Furthermore if 
(p| p) = ¢|¢) +9, we find, when «= p, that wv’ is q. Hence 
the transformation turns one given unit vector into another: 
although it may be an improper transformation. If so, we 
introduce a third vector such that (p|p)=(¢q|% =(r]7), 
(p+r|p+r)+0, @t+rl|¢+7) +0, and apply the corre- 
sponding improper transformations p—>v7,r—q. Then the 
product transformation »—gq is necessarily proper. This 
auxiliary r is also needed if p+q=0, to cover the case 
when (p+ q|p-+q) vanishes and the above x—> a’ does 
not exist. 


Lemma II.— 
0|¢@ IN 9 5) A-1 
AG (q| 9)’ = 2A(m + 2A — 2) @| 9g). 
og | oq 
0 ey. 
For aD: AUTO 2th 
qi 
oe ha = 
“a (| @)* = A(A— 1) @[ 9) *492 + 2Aq| 9). 
Summing for 7 = 1, 2,..., ” the result follows. 
a|0 
Als a he b) = 2(a| b), 
0 (x ]5,) Glo ala=2e]5 
and (ie) (q| &) (ab... hg) = 2(ab. . . hh), 
0g | 0g 
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and (<)z,) alo Gla=en+ Hala, 
and ie ©) ala) (ab... Ig) = n+ 4) (ab... hg) 
oq og 


8. First Fundamental Theorem for Proper Orthogonal Invariants. 


Every polynomial invariant of the proper orthogonal group for 
ground forms f,, f,,...can be symbolized entirely by the use of 
two kinds of factors, 

(ab... hk), (a | 6), 
the outer and inner products respectively. 
Proof. — 

This follows by induction. For if n= 1, the matrix M is 
the scalar unit, and the proper orthogonal transformation is 
merely x=’, the identical transformation. Then every 


vector is its own outer product and the theorem is obvious. So 
we assume it for m, and set about proving it for m+ 1=n. 


Consider the transformation coefficient matrices, 


C1 s+ Cin 0 
fee eee. Cy 2+ Gym 
0 5) 00 : . : apnans . : 
End Passe mm 0 
0 ates 0) i em Pe €mm 


If M, is orthogonal in the field 1, so also is Mo, for the field 
n — 1 (=m), as is apparent by forming inner products of each 
pair of columns of either. Further if | M)| = 1 so also is | Myy |. 
Hence they are both properly orthogonal, if either is. 

Now M, corresponds to the transformation which leaves the 


vector ¢ = {0, Oise), 1} latent. We note that this is a unit 
vector, since 


@Gla)=¢2=1. brea eee) 
Let yp» denote the group of transformations 
a Mit, Nn Le een) 
which transform the first m components 2, %,..., @,, by means 


of the matrix Mo, but leave x, = a,’ latent. Then any invariant 
of the group Gp is an invariant for its subgroup yp. 
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Now if we express any polynomial invariant of the given 
field, as uk; ig; Where g,; is a function solely of the components 


WENDEL Bis ‘and k; a function of a;, 6;... (7 +n), then each k, 
will be an orthogonal invariant in the group yy. Consequently, 
by hypothesis, our invariant is a polynomial in two types of 


factor, which we write 
(ab eS h) \n = = |a,b, J a Dsl ? (a | 0) b) Moe a,b 1 Sf. Sie Ay, b m? (24) 


together with the third type, a,, b,,... of suffix n. 

Also by using the unit vector ¢ = {0, Oaercecel). 1} we can 
write these three types as functions of inner and outer products 
in the higher field of order n; as is at once apparent when each is 
fully expanded: 


ce aE Glee | 


m Jala ( 
) (|) hs be 
and C— M\% , Oy = Md)?! pee OCC: | 
V4\9 V4\9 


Hence every polynomial invariant of the group Gy is a polynomial 
function of arguments 


@\9), @)a), (@b...hg), (a|6), . . (26) 


divided by a positive integral power of / q| 4. 


Now —+— is a unit vector whatever qg may be; and, by 
i; q\4q 

Lemma I, a proper orthogonal transformation exists which 
changes any given unit vector into a second. So instead of 
the special vector {0,0,...0, 1} we can now take g to be any 
arbitrary unit vector, so pas as, HAAG: of the subgroup yo, 
we take the similar subgroup y)* which leaves the vector q¢ 
latent. 

Also, all these five types, as now written, are unchanged by 
any proper orthogonal transformation, such as that which 
replaces the very special unit vector g by any arbitrary unit 
vector q/ J7/¢ none of whose components vanish. Hence a 
typical invariant is given by 


T=G4,4+4JS¢lo/lWalo% © . (QD 
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where G, and G, are polynomials of the same type 
GEG|9), Ga), «825 (00 ce eg), no 0) 0) eee 


and k is necessarily a positive integer, since one q enters into 
every type (25). 

Now G, cannot be zero, else we could cancel out ws q\4q and 
then treat G, as a new G,. This being so, G, must be zero; for 
otherwise we could always express / q\q rationally in terms of 
I, the components q,;, and a, b,..., involved in this equation; 
which is impossible even in the case 


(ee BUN ex (an ka 


Hence G, = 0, so that k must be even, to make the right and 
left sides agree in rationality. Thus we write 


where A is a positive integer, and each q; is non-zero. 


Operating on both sides of this identity with (< ay we 
find, by Lemma IT, eg 1d 


Gl) 1= G71 |@) eaee ee 


where G’ is of the same type as G, but may involve the outer 
product (ab... hk) which excludes 4. 

If we proceed A times, this operation annihilates (q | q) on the 
left, leaving a non-zero multiple of J, and consequently all 
the qs disappear on the right, leaving only the types (a| 6), 
(ab...hk). This proves the theorem. 


9. The Hermitian Transformation with an Absolute Quadric. 


If we apply a general linear transformation = Mz, of 
matrix M = [e;,\], | M | + 0, to the canonical quadratic 


(€|.2) = 6246 eye eee) 


we obtain a quadratic in @,,..., £,, which we symbolize by 
7. Thus 


(é | £)= ee ees ie Uj Upp == = (e; | ex) Li Ly = TeX (30) 
jk 
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where (¢;| e,) denotes the inner product Qiein a * < . enenn, 
and all summations run from 1 to n. Hence 


Ye = (e; | ex) 


Let us find out what becomes of the last theorem when the 
variables €, which enter an orthogonal transformation € —> €’, 
now undergo the further transformation €= Mz. Then, if 
a, 8 denote linear sets cogredient with €, 


(«|B =4(o 


. (By? + Bor +... + 8,7); 


from which it follows that (a | 8) is a polar form of (a| a). Hence 
(a | Det ea | fo) es To! 18' Sento) 


in terms of the corresponding linear sets a’, 8’ after transform- 
ation. Now the inner product of two cogredient symbols a, B is not 
a projective invariant, but only arises as an orthogonal invariant. 
Here, however, we have expressed it as rg/rg’, a projective in- 
variant of lmear symbols together with the symbols 7 of the 
quadric. In so domg we lik the orthogonal theory with the 
projective theory. For if all the ground forms of an orthogonal 
system are symbolized, as may be done, entirely by cogredient 
symbolsa, 8, y..., then their invariants involve two types only, 


(aB...u), (@[f), . . . . 2) 
of which the former is already a projective invariant, giving 
(Goof eae | (a Bo... pe), 


when a—->a’, B—>f’,..., uw’. 

Furthermore, any non-degenerate quadric 7,? may be reduced 
to the sum of m squares 2A,X;? by a suitable lear transforma- 
Hon (68, p) 300)" so that if alsa €,— APX, (= 1, 2; -., »), 
the resultant transformation 7: x — € is still lmear. Conversely, 
by 771: €— x we pass from the orthogonal absolute (€| &) 
to any given non-degenerate quadric 1”, and thereby we solve the 
Hermitian problem (§5, p. 158) of the restricted transformations 
x— x’ which leave a given quadric absolutely invariant: 


(D 884 ) 22 a 
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For on performing with the transformation 7’, we reduce it to 
a proper orthogonal problem. Hence 


For ground forms whose symbols a, B,... are cogredient with 
x, every polynomial invariant of the subgroup in which a gwen 
non-degenerate quadric r,? 1s an absolute invariant, can be symbolized 
by two types of factor 


(Bes tates Fo ies ee) 


In other words, proper orthogonal invariants of a system of ground 
forms (f) are projective invariants of the system (f, 1,7), obtained 
9 


by adjoining the absolute quadric x2. Conversely all projective 
invariants of (f, 7,2) are proper orthogonal invariants of (f). 


Proof of the Converse.— 


For starting with the projective system whose symbols are 
r,a, B, y..., the only types we require by the Fundamental 
Theorem (§7,. p. 203) are 


(Cy oe ara Aen em Cee 


where 7, s,...¢ are equivalent symbols. But the presence of 
(rs...t) In an invariant implies the discriminant (rs... t)? 
(§8, p. 194). If this is rejected, any further factors r, must 
occur in pairs rgrg. But (rs... t)? = n!|7,|=n!, a pure 
number, in the case when the quadric 7,” is («| x). Thus the two 
types (33) alone are actually necessary, and the theorem is 


proved. 


EXAMPLES 
1. The improper orthogonal case is obtained by taking 
ge ie = ete Cy" ene 


and transforming the results of the proper case by the matrix of zeros 
with a leading diagonal 1, 1,...1,— 1. The required types are (a8... 1), 
(«| ); but the outer product changes sign after improper orthogonal 
transformation. 


2. The Lorentz transformation leaves 


re? = a2 + x2 4 a2 cx,2 
an absolute invariant, where c? is a constant. 
The invariant types are («@y3), together with 
Tarp = OR + HB + a3 83 — C7 a4 By. 


This becomes an orthogonal group after the transformation 


1 
ty = 51, t= bo t= Ss = — Fy. 
ve 
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3. Linear transformations, 7’: z—> 2’, satisfying the Lorentz condition 
can be constructed by the matrix (I + SQ)/(I — SQ), where 


il 


Q=|- * |, and S is skew symmetric. 


od 1 : 2ac* 
diceees 4 |,0=) _ ga |p amd v= 240), show that the 


binary matrix (I + SQ)/(Z — SQ) transforms variables x, t to x’, t’ accord- 
ing to the Lorenz formule 


[Use (5), p. 69. 


5. If a, b, c are contragredient to «, B, y, the outer product types (abc), 
(aby), (a8), (xBy) are all orthogonal invariants of ternary forms. Expressed 
as projective invariants of the absolute 7x7, the second and third of these 
must be modified. Thus if («| 8) = 7a7g, then we can prove that 

(aby) = (abr)r,, (aBy) = (ars)rgsy. 
For if f(a) = rg? = #2 + a? + x2, then $(ars) (rs| By) = 4 (ars) (rg 8, — 7,8) 
ay 11%B 818, auto) 
=| xy OAc == Bt a 
a 2 2768 2°y 4 
dz slp S838y ve 


= (aBy). 


6. Lf re? = sy? = 2,2 + 22+ x? + 2,42, then (abrs)(«B| 7s) is equi- 
valent to 2(aba). 


[Here (2X(ab) ij (7s) x) (U(«B) i (78) ij) = 2 (ab) ij(«B) x1(7s) ei(7s) xz, Since 
Php, (Ui == 1) 


7. Prove, by a Laplace development, that when 
Pie bie Ere Bie eae 


then the concomitant 


(GD IT I ee Maa OB 2 O74 2 Tn—p) 


involving p linear forms ag, bz, ..., hx; m — p linear forms w,, Ug, ... 5 Us, 
and n— p equivalent symbols 7;, 72, . . 5 7n—p, may be replaced by the outer 
product 


(d.65 ARIES 5) 


to a numerical factor. 


10. Geometrical Significance of the Adjunction Theorem. 


The preceding theorems obviously have something in com- 


mon: they link affine, orthogonal and Hermitian invariants with 
(D 884) 2202 
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projective invariants by adjoining to given ground forms /, one or 
more forms ¢ which are latent for the linear transformations of 
their respective groups. For this reason they are called Adjunc- 
tion Theorems. 

If we turn to the geometrical aspect of the theorems we find 
matter of high interest in metrical geometry. It is well known 
that properties of distance and size of angle, holding for plane 
Euclidean geometry, may be interpreted projectively by stating 
them as cross ratio properties of a figure to which the circular 
points at infinity are adjoied. 


Thus, for example, if J, J are the circular points, and P is 
a point not on J.J, then the pencil P{QR, IJ \ of four lines through 
P is harmonic whenever PQ, PR are at right angles. 

Analytically, in rectangular Cartesian co-ordinates, the matter 
is clear if az? + 2hay + by? = 0, x? + y? = 0 respectively denote 
the pairs of limes PQ, PR; PI, PJ. For a+ b= 0 provided that 
RPQ is a right angle, or, equally well, if P{ QR, IJ} =—1. 

By taking a general conic or quadric, 7,”, as latent, we 
interpret non-Euclidean elliptic or hyperbolic geometry. If 
r,” = a+ y*, which is a degenerate conic, we can interpret 
Euclidean metrical plane epee by combining the theorems 
of §4 and §8. Thus if m= 2,n= 3, and the matrix M, of 
§1 (1) is orthogonal, then the required result is secured. 


EXAMPLE 


_ Thus in ternary symbols, let ly = 0 denote the equation of the line at 
infinity, and w,,” = 0 that of the circular points, so that w.2 can be factorized, 
say 

UG UN 


Then | Aj, Ag, Ag} and {y4, Uo, Us} are the homogeneous co-ordinates of these 
points J and J. 


assess if f = ay? denotes a conic whose tangential onnaon is 
Ua" = 0, then a covariant conic exists for the quadratics Uo", Uy®, namely 


= ((CLayne 
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By the Clebsch principle this gives the locus of a point « whose tangents 
to these conics form a harmonic pencil. Hence in Euclidean geometry it 
is the locus of a point whose tangents to a conic are at right angles. In other 
words the conic 9 is the director circle of the conic f. 

If this («wx)? is written down non-symbolically, whether in Cartesian 
or homogeneous co-ordinates, the ordinary results will be obtained. 


Such examples could easily be multiplied, and indeed they 
form a very attractive analytical projective geometry which has 
received comparatively little attention. 


11. Remarks on the Adjunction Theorem. 


It is very tempting to try to discover a general Adjunction 
Theorem to cover the case when any one or more given ground 
forms $1, ¢o,..., ¢, are latent for a linear transformacion 7. 
For if (7) means the complete projective system of concomitants 
of a set of ground forms f, and (f, 4) means that of the whole set 
of forms f and ¢, then any member of (/, ¢) is certainly an 
invariant of any transformation which leaves each ¢, latent. 
But except for a few cases, detailed above, when ¢; is linear or 
quadratic, the converse is not true. Nor has any general law been 
found to determine restricted transformations for a given set of 
latent forms ¢. How this converse applies is still an unsolved 
problem of the theory.? 

It is possible to extend these methods of Study and Weitzen- 
béck to the case when a bilinear form is latent, and to the theory 
of double binary and other multiple fields (p. 240); but in all 
probability the most useful aspects of further work along these 
lines is to be sought in particular applications to ground forms. 


That this Adjunction Theorem breaks down for forms higher 
than the quadratic is perhaps one of the most remarkable facts 
of mathematics. It makes one wonder what would have been the 
history of geometry and natural philosophy, had the cubic or 
higher form been a possible absolute on which to base our metrical 
results. For never in the age-long story of measurement, from 
the discoveries of Pythagoras, about 500 B.c., to present-day 
speculations, has the geometer or physicist renounced the 
quadratic as his basis of measurement. The quadratic is one 
of the things which seem to have come to stay. The theorem 


1 Weitzenbéck, Hncy. Math. Wiss., Ill, 8, 6 (1922), p. 20. Burchardt, 
Math. Annalen, 48 (1893), 197-215. 
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concerning the squares on the sides 7, 2, 2 of a right-angled 
triangle, we can write as 


ay hy — (ae |) 


but the latest speculations in general relativity would throw this 
theorem into its infinitesimal shape 


ds* = da? 1 dz,7 = (da | da) 


as a special case of a universal formula 


yes Eee fare 
ds” = Lgi, Ak; AX, = Jax 


I WU VONis Des 7055 eg tees 

And what again would have happened if the absolute had 
been not even quadratic but only linear? 

Why it is that the quadratic form should occupy this 
privileged position between linear and higher orders might well 
raise questions of considerable philosophic interest. 


12. Connexion between Differential and Projective Invariants. 


It may be wondered why there has hitherto been such pre- 
occupation with the linear transformation, which after all is only 
a very special case of what in general can be written 


Die vite ef (Gey sWlans hk ony eae pak a 


» (04 
bam lA Gesne J -) 


where a set of independent variables x, is transformed into a new 
set 2’, ..., x, by definite functional relations not necessarily 
linear. Now the reason lies in the general difficulty of treating 
anything more elaborate. The linear stands in relation to the 
general transformation 7’, much as linear differential equations 
do to the general theory of differential equations, or in kinematics 
as the velocity of a particle to a finite displacement. The latter 
may disclose quite an unworkable problem to which the former 
contributes a satisfactory first approximation. 


Assuming each a; to be a regular function of each x’, and 
vice versa, we can write 


Ay uoet, OE 


an i , 
dx; oa 7 dx, 


nv 


Ox 
t 


0 


Oa, 
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for the first differential of each x; in terms of those of z,’. But 
this is patently a linear transformation from the set 


eo paetLis eica fi 


to {da,', da’, ..., dx,'\. Let us denote these sets by dx, dz’ 
respectively. Thenife¢,,...,¢, are givenfunctions of %,..., @,, 
we can express each c, as a function of w,’,..., ¢,, and any 


1 


linear form % c,dx; as a linear form in dz,;’. We write 
i=1 


C=> c,dx, = (c| dx) = (c' | dx’), 


ca 


where a new set of functions.c,’ is derived as coefficients of dz,’ 
in C. But this is precisely the theory of contragredience over 
again, and we can accordingly speak of the set of functions 


Coa NGias tt. 25. Cal 


as contragredient to the set dz. 


Example.— 
Writing in matrix notation dx = Mdz’, c= c’M—1, then 
M= [ee] = per han (OP MT 
Oxj’ Ox" 0 xj 
0(x) ~1— O(#’) 
h MU \\ = FOS | 1/0 == 0) (cf. VI, p. 126). 
where | M| = 2) 40, | ar|-1= SE) +0 (of. VI p. 126) 
Thus: 
Arising out of a general transformation x— x’ is a linear 


Xj 
/ 


: : Ox) 
transformation dx — dx’ whose matric M = F is non-singular, 


together with a contragredient transformation c—c’ for the set 
c of coefficients of a linear differential form Xc,dx;. 


In particular let f= f(x) = /f'(2’) denote a given function 
expressed first explicitly in terms of the z,’s and secondly in 
terms of the z,’’s. Then its total differential can be written as 


of of’ 
=). = DY dx’ = df’ 
Of a an, dx; a Li hes 


b 
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So, whatever function f is taken, the set 


Popes a 
| Oa,’ Ox” Pi Ox, | 


is contragredient to [dx,, dx, ..., da,]. 


Once this algebraic idea is grasped—that an mner product 


Gs 


differential—it throws light on numerous branches of geometry 
and physics, bringing them under the rubric of one mathe- 
matical doctrine. Thus it appears that 


dx) is an invariant for contragredient sets, algebraic or 
/ 


Binary forms illustrate the differential geometry on a surface. 
Ternary forms illustrate that of pre-relativity physics. 


Quaternary forms illustrate the present era of physics. 


EXAMPLES 
1. The well-known formula 
ds* = dx? + dy? 
for the square of the element of arc of a plane curve in terms of differentials 


in rectangular co-ordinates x, y, can be looked upon as a binary quadratic 
ground form in homogeneous variables [dx, dy]. 


2. The analogous ternary formula 
ds? = dx,? + dx? + dx,* 
for the are of a space curve is again a quadratic. Then if a linear trans- 


formation dz —> dz’ leaves this absolutely invariant, we have another 
example of orthogonal transformation. In this case 


ds? = (dz| da) = (dx”| dx’) = ds’, dz = Mdz’, 
and W&M is orthogonal. 


3. Or, again, the potential function V of three variables 2,, x», v3 leads 


to the important vector {ee ; ae _ cmt contragredient to (dx,, dx», dxs). 
wy py KAGE 


A full account of this differential theory can be read in many 
recent publications.1 But here it may be useful to refer to 
the likenesses and the contrasts between the algebraic and the 


An excellent introduction is given in the Cambridge Tract, No. 24 (1927), 
Veblen, Invariants of Quadratic Differential Forms. A larger work is the English 
translation of an Italian work: Levi-Civita, The Absolute Differential Calculus 
(Blackie, 1926). Cf. Weitzenbiéck, Invariantentheorie, Chap. XIII. 
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differential theories. Both contain ground forms, linear trans- 
formations, and concomitants relative or absolute, though they 
are somewhat disguised by having different names. Certain 
processes, too, can be recognized as identical. But in the 
differential theory emphasis is placed on the tensor (pp. 91, 
200), or set of coefficients a;;;°"""' of a multilinear form where 
agk... are called indices of covariance and rst... indices of 
contravarvance. Thus a set a, is called a covariant vector and 
a’, a contravariant vector. 

It should be carefully noted that this use of the words 
covariant and contravariant is quite different from their use 
in algebra. 

From the algebraic point of view the most interesting fact 
of the differential theory of forms is the existence of a Reduction 
Theorem first discovered by Christoffel,| whereby the problem 
in differential invariant theory of tensors and their derivatives 
up to a given order, is identical with that of the projective in- 
variant theory. It is noteworthy that from a physical point of 
view the most important algebraic forms are the linear a,, ug, 
the linear complex (ab| ay), the quadratic g,? = Xg,;x;a,, and 
the quadratic complex (B| ay)? = 2B; ; 4, (xy);;(vY)a- These quad- 
ratics figure prominently as the differential form ds? = Xg;,da,dz, 
and the Riemann-Christoffel curvature tensor B;; ,). 


13. Prepared Systems. 


Although the general theory of binary forms is fairly complete, 
little is known of higher categories beyond the irreducible system 
of a ternary cubic and certain linear or quadric systems. The 
fundamental theorem works very well for ternary forms, because 
(abc), dy, (aBy) are the only types of symbolic factor which may 
arise even if compound co-ordinates are utilized (§11, p. 210). 
Quaternary forms require implicit convolution (§11, p. 211) and 
thereby provide great complications. How, for instance, do the 
symbols of a linear complex (aa’| xy) fit in with the types (abcd), 
dy, (aBy5)? This has suggested the problem to supplement the 
three fundamental symbolic types by further types so as to render 
all convolution explicit. To such systems of symbolic types 
the name Prepared Systems has been given. 


1 Orelle, '70 (1869), 46-70. 
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The prepared system for quaternary forms! consists of thirteen 
types: 
(abcd), (aB), (aBys), (aAb), (aA), (AB), (aA Ba), 
(aABCb), (« ABCB), (aABCDa), 
(aABCDEb), (a ABCDEB), and (ABCDEF). 


Here capital letters have currency two (§6, p. 37); andif A=a'a”", 
B= 0'b", &c., then (aA BC) is defined as 


(a Ab’) (b"'Cb) — (a Ab”) (b’Cb) 


with analogous definitions for the others. A prepared system 
in general gives the complete system for all possible lanear ground 
FOTMS Ggsic.+5 5 Uagy.« 3 Fo\Aa Mg) soso a( Ap | Mp lporm =o DUmabepresens 
nothing is known beyond the quaternary case. 


14. Quantitative Substitutional Analysis. 


Determinant, matrix, symbolic invariant, tensor, and group 
theory are but variations on one theme—permutations and com- 
binations. Here algebra begins and here it appears to stay. 
But how many of us have ever thought it worth while to study 
the very ABC of substitutional processes? or have even inquired 
if they have an ABC? 

Suppose, for instance, it 1s known that a certain function 
Sf (2, Y; 2 U, v) of five arguments is symmetrical in 2, y, skew sym- 
metrical in y, z, wand also in x, v: then what are its characteristic 
properties? Is there a calculus behind this kind of inquiry which 
will obviate the necessity of examining every case for itself as 
it arises? There is. About thirty years ago Frobenius? and 
Young? appear to have made independent discoveries which 
lead to a systematic calculus of substitutions. Their work links 
these questions with the theory of matrix equations. By so 
doing, it gives a kind of canonical form to whole groups of 
substitutional properties. The bare fact that the natural sequence 
in this algebra is not of the order 1, 2, 3, ... but rather is that 


* Proc. London Math, Soc., 2, 21 (1923), 381-8, and 2, 25 (1926), 303-327. 
ie Uber die Darstellung der endlichen Gruppen durch lineare Substitu- 
tionen ”’, Berliner Sitzungsberichte, 1 (1897), 2 (1899). 


8 Proc. London Math. Soc., 1,88 (1901), 34 (1903); 2... (1928), and Journal 
3 (1928), “‘ On Quantitative Substitutional Analysis ’’. 
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of 1!, 2!, 3!, ... shows where the practical difficulties lie. Napier 
was prompted to invent logarithms solely by the difficulty of 
computing long multiplication sums. Can a like benefit, it may 
be asked, be found for algebra, and have these pioneers brought 
it within sight? 


MISCELLANEOUS EXAMPLES 


1. If capital letters denote square matrices of order n, I being the 
unit matrix, and if small letters denote scalar numbers, prove that 


(J + pAB)A(I + qBA) = (I+ qAB)A(I + pBA). 
2. Prove that (J + pAB)A(I + qBA)B(I + rAB) is symmetrical in 
D> q> T- 


3. If 4: 8B means AB—1, prove A: B= AX: BX, if | BX |=. 0. 


AL NG. 
Bae IDs ~ 
provided that division is always performed on the right, investigate the 
law of successive convergents, P/Q. 

[With proper safeguards, the usual scalar law is true. If A= C=...= J, 
Tj A,, De A,, Jog Wate Py—1An+ Pn—2, Or — Qn—14n+ QOn—2. 


5. Given 


4-—l1 0 —1 12 5 
A=|—=1 3 | nae | le A RIL 
Bye 7 AS 34 57 37 


find the most general matrix X, satisfying the equation AX = B 
(Edinburgh.) 


4. If .. has the usual meaning, of a continued fraction, 


OR res 
6. Show that A = ss fa : : satisfies the equation 
—3 —7-—2 0 


A? + 834=0. Obtain the Cayley-Hamiltonian equation (§2, p. 99) for 
A, and discuss the connexion between the two equations. 
(Edinburgh.) 


7. If 0, 0, y are arbitrary then the matrix 


—cos@ cos) siny — sing cosy, 


cose cos) cos) — sing sind, 
| cos@ sin0, 


— sing cos0 sind + cos@ cosh, sin0 sind 


sing cos§ cosp-+ coso sin, — sind xn | 
sing sin0, cos0 


is orthogonal. Express it in the form (J — 8)(J + S8)~1, where S is skew 


symmetric. 
(Edinburgh.) 
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8. Prove that 


Pept hel 


are commutative, and,that the functions 4 + B+ C, BC+ CA + AB, 
ABC are scalar, and equal to the corresponding functions of the latent 


roots of A. (Edinburgh.) 
hl Veet lp ee | 
4—3 2-—l1 ; 
9. Prove that if A= ]6-—3 1 : a ee thenwed ?——wieee and, 
4 —] | 
il 


generalize the theorem. Prove that the characteristic equation satisfied 
by A is (22 — 1)(¢—1)=0. 


10. If n, m, k are positive integers, and a function satisfies the relation 
a(n, m) + a(m, k) = w(n, k), 


show that @(n, m).is the (n, m)th element in a skew symmetric matrix. 
(Heisenberg.) 


cos% sing CcOsna, sinnae 
1A : | prove A,” = ; | and 
—sina cosa —sinnn, cosna 


give a geometrical explanation. 
If Ag is a similar matrix for an angle 8, prove A, B commute and that 
Abe tily = Alec rr 


GOO j) GPW 
ip lie Ales : a | ID= e p : then AP, PA both have 
a if 
the same form, with constant values throughout the parallels to the leading 
diagonal, and zeros below. 
Generalize this feature. 


18. If A, B are reduced to normal form PLP—1, QMQ-1! where L and 


M are diagonal matrices both with n distinct latent roots 24, As, ..., An 
and (4, Uy, +--+, Un, prove that a non-zero matrix X can be found to satisfy 
AX = XB 


if and only if A and B have at least one latent root in common. In this 
case X is called a commutant of A and B. 
[Let Y = P~1 XQ;. then LY = YM; and equate corresponding 
elements. 


14, If AX = XB, prove that X is a commutant of f(A) and f(B). 
[First prove A” X = XB”, 
15. Desargues’ Theorem.—In ternary forms, let a, b, c, a’, b’, c’ denote 
coplanar lines. Show that the equation 


Px = (b’c’ b) cx => (b’c’c) by: —a()) 
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represents the line joining the intersections of 6, c and of b’, c’.. If qz, rx 
denote similar expressions for c, a and a, b prove that 
(par) = — (abc) (a’b’c’) (aa’ . bb’ . cc’) 
where 
(aa’ . bb’ . cc’) = (abb’) (a’cc’) — (a’bb’) (acc’). 


[Write p = Ac — ub, g = Na — u’c, r= Xb — wa, where 4 = (b’c’d), 
&e., are scalar. Then (pgr) = 2/2” (cab) — pu’ (bea), all other terms 
vanishing. The result follows by using the identities 


(b’c’b) (c’a’c) = (b’c'a’) (c’bc) + (b’c’c) (c’a’b) 
(c’a‘a) (a’b’b) = (c’a’b’) (a’ab) + (c’a’b) (a’b’a). 


State the geometrical result, and the dual result involving points «, 8, y, 
a’, BY, y’.] 
16. Prove the identity 
(aa. by . cz) + (ay. bz. cx) + (az. bu. cy) = 0 


between any six coplanar points a, b, c, x, y, z. The symbols are cogredient 
and equally well can represent lines. 

Pappus’ Theorem.—For six coplanar points A, B, OC, X, Y, Z, if AX, 
BY, CZ meet in a point, and AY, BZ, CX meet in a point, prove that 
AZ, BX, CY do so. 

[Expand each compound determinant. 


17. If (Eau . by . cz&) = (Eaxb) (ycze) — (Eaxy) (bez) where the symbols 
are seven cogredient points in the quaternary field, prove that this expres- 
sion equated to zero is the equation in & of the quadric surface containing 
the lines ax, by, cz as generators. 

[The point Aa + us lies on the surface, &c. 


18. Prove the identity 
(Eau. by .czé) + (Gay. bz. cut) + (Gaz. bu. cy%) = 0. 


If ABCXYZ is a given skew hexagon in space, prove that the quadric 
surface containing AX, BY, CZ as generators, and that containing AY, 
BZ, CX as generators, and that containing AZ, BX, CY as generators are 
linearly related and have a common curve of intersection. 
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g-numbers, 

Quadratic. eee Complete system, Conic. 
as determinant, 105. 
latent in transformation, HSS 305. 
reduction, 194. 
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Rank of matrix, 5, 73, 75, 84- 

of quadric, 299. 
Rational curve, 285. 
Rationality, 10, 12, 157, 233, 320. 
Reciprocal matrix, 
Reciprocation, 16, 283, 294. 
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